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FOREWORD

The Central Hardwood Forest stretches from the upper Southeast to the Great Lakes and from Arkansas to
Massachusetts. It is an oak-dominated deciduous forest occurring in hilly to mountainous areas of this vast region.
As such, it is the most extensive temperate deciduous forest in the world. The tree species present are well
adapted to the seasonal climate changes and the moderate rainfall found in the region. The Central Hardwood
Forest developed since the last ice age as forests reinvaded the region. Land-use practices impacting the region
include those imposed by Native Americans as well as significant impacts from European settlers. These impacts
include burning, grazing, land clearing, logging, fire control, wildlife management, and pest introductions. These
practices and impacts have influenced, to a large degree, the composition and the area covered by these forests.

One-fourth of the population of the United States lives in this region and approximately 90 percent of the Central
Hardwood Forest is owned by private interests comprised primarily of nonindustrial forest owners. The Central
Hardwood Forest is biologically and spatially complex. The body of knowledge developed by scientists and
practitioners on the biology and management of this forest is critical to the continued health and sustainability of
this forest. The Conference provides a significant opportunity for scientists and practitioners to exchange
information that will ultimately play an important part in the development of the Central Hardwood Forest.

History of the Central Hardwood Forest Conference
This Conference is the 12th in a series of biennial meetings that have been hosted by numerous universities and
USDA Forest Service Experiment Stations in the Central Hardwood Forest Region including:
1976 Southern lllinois University
1978 Purdue University
1980 University of Missouri
1982 University of Kentucky
1985 University of Illinois
1987 University of Tennessee
1989 Southern lllinois University and the North Central Forest Experiment Station
1991 Pennsylvania State University and the Northeastern Forest Experiment Station
1993 Purdue University and the North Central Forest Experiment Station
1995 Northeastern Forest Experiment Station and West Virginia University
1997 University of Missouri and the North Central Forest Experiment Station
1999 University of Kentucky and the Southern Research Station

Conference Purpose

The purpose of this Conference has remained the same since its inception “To provide a forum for the exchange of
information concerning the biology and management of central hardwoods by forest scientists from throughout the
Central Hardwood Region of the Eastern United States.” As with previous conferences in this series, a wide range
of subjects have been presented representing the range of research efforts underway in the region.

Central Hardwood Forest Conference—An Outlet for Peer-Reviewed Information

Since its beginning, the Central Hardwood Forest Conference has been an outlet for results of research focused on
the forest itself or species that occur in the Central Hardwood Region. There were 32 oral presentations,
1labstracts, and 22 poster presentations accepted for the 12th Conference. Poster and oral presentation abstracts
were accepted for publication along with full-length manuscripts. Manuscripts have undergone a peer review
process by two to three anonymous reviewers. Reviewed manuscripts were returned to authors and revised
electronic manuscripts were submitted for publication to the USDA Forest Service, Southern Research Station. In
total, 7 percent of the manuscripts were rejected, 36 percent required major revision, 45 percent required minor
revision, and 12 percent were accepted without revision. Papers were edited to a uniform format and type style;
however, authors are responsible for the accuracy and content of their papers.
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CHANGES IN NATIONAL FOREST TIMBER SALES IN THE CENTRAL HARDWOOD REGION

William G. Luppold and John E. Baumgras

1

Abstract— National forests contain only a small percentage of the sawtimber inventory in the Central Hardwood Region but
many have proportionately more high quality timber than adjacent private lands. As a result, these forests are important to
sawmill and other primary processors in this region. In this paper we analyze timber sales from 14 national forests in the
Central Hardwood Region to determine the impact of changing forest polices on the forest-products industry. Since the mid-
1980’s, sales of hardwood and softwood sawtimber have been declining steadily, while the relative volumes of higher value
species have increased. Because of this change in the mix of products sold and increasing prices of higher valued
hardwood species and pine, total revenue from timber sales have declined moderately, while physical volumes sold have

declined by more than 50 percent.

INTRODUCTION

The National Forest System was established to provide
timber and protect watersheds for the citizenry of the
United States. In recent years timber sales from these
forests have declined in large part because of increasing
public and political pressures. Recent policy changes with
respect to the management of national forests have
placed greater emphasis on watershed health,
sustainable forest ecosystems, and recreation.? Still, the
eastern national forests may be an important source of
quality timber for industries proximate to these forests
(Luppold and others 1998). In this paper we analyze
changes in timber sales from 14 national forests in the
Central Hardwood Region to determine the impact of
changing forest policies on the forest-product industry in
this region.

Specifically we analyze the volume and value of sawtimber
sold by the national forests in the Central Hardwood
Region in 1997, the degree to which timber sales have
changed since 1985, and whether the changes in sales
volume and revenue are consistent among these forests.
Although our primary focus is hardwood sawtimber sales,
sales of pulpwood and softwood sawtimber also are
examined as these products are part of the total mix of
timber products sold.

THE DATA

The data used in this study were developed from reports
on timber cut and sold on national forests under sales
and land exchanges, issued by national forests in Region
8 (southern) and Region 9 (eastern). These reports
contain timber sales volumes and revenue for sawtimber,
pulpwood, and other products sold by species or species
group. Sawtimber as defined by the USDA Forest
Service is hardwood trees larger than 11 inches in
diameter at breast height (dbh) and softwood trees
greater than 9 inches dbh. Hardwood pulpwood is 6 to 11

inches dbh while softwood pulpwood is 5 to 9 inches
dbh. The reports were collected for the period beginning
in 1985 and ending in 1997. Inventory data were
obtained from the Forest Service’'s Eastwide Forest
Inventory Data Base and the Northeastern Research
Station’s Forest Inventory and Analysis Unit (Hansen and
others 1992).

It should be noted that there are variations in the cut and
sold reports. For this study reports, were obtained for
separate forests except for the states of North Carolina and
Georgia. Cut-and-sold reports for North Carolina contain
sales from the Pisgah, Nantahala, Croatan, and Uwharrie
National Forests. The Pisgah and Nantahala are large,
predominantly hardwood forests located in the western
mountains of North Carolina; the Croatan and Uwharrie are
small and primarily softwood forests located in the
Piedmont and Coastal Plain Region. The reports for
Georgia combine the Chattahoochee and the Oconee
National Forest. The Chattahoochee is primarily a
hardwood forest while the Oconee is primarily pine.

All volumes from cut-and-sold reports are in thousand
board feet (MBF) International scale though many products
are sold using other units of measurement. Sawtimber
traditionally has been sold using the Scribner or
International scale and pulpwood has been sold by the
cord or hundred cubic feet (CCF). Since 1996, most forests
in Region 8 recorded sawtimber and pulpwood sales
volumes in cubic meters (J. Kirk Eichenberger, pers.
commun.). The exception is the Daniel Boone, which
began reporting in cubic meters in 1997. During this
transition, the conversion of pulpwood from CCF to MBF
for the cut-and-sold report changed from 0.77 to 0.55
MBF/CCF. Thus pulpwood sales volumes in Region 8 since
1996 must be multiplied by 1.4 to be consistent with sales
volumes prior to 1996.

! Project Leaders, USDA Forest Service, Northeastern Reseach Station, 241 Mercer Springs Road, Princeton, WV 24740.

2 Developed from “A gradual unfolding of a national purpose: a natural resource agenda for the 21st century,” by Michael P. Dombeck, Chief of

the USDA Forest Service, March 2, 1998.

Citation for proceedings: Stringer, Jeffrey W.; Loftis, David L., eds. 1999. Proceedings, 12th central hardwood forest conference; 1999 February
28-March 1-2; Lexington, KY. Gen. Tech. Rep. SRS-24. Asheville, NC: U.S. Department of Agriculture, Forest Service, Southern Research

Station. 293 p. [Peer-reviewed paper].



NATIONAL FORESTS OF THE CENTRAL

HARDWOOD REGION

The Central Hardwood Region as defined by Hicks and
others (1997), includes 14 national forests. These forests
are listed geographically in Table 1 starting with the most
southern forest on the eastern boundary of the region and
ending with the most southern forest on the western
boundary of the region. Although Ouachita National Forest
in central Arkansas lies at the southwestern edge of the
Central Hardwood Region, it was excluded from this study
because it is predominantly southern pine. Also, the
national forests in Virginia (Jefferson and George
Washington) and North Carolina (Pisgah and Nantahala)
were combined in Table 1 because parts of these forests
overlap Forest Service survey regions.

The national forests of the Central Hardwood Region vary
considerably with respect to species mix. Although the
Chattahoochee has large volumes of red and white oak,
eastern white pine is the most predominant species (single
species or species group with the greatest volume). The
Cherokee contains significant volumes of select red oak,
white pine, and yellow-poplar. The combination of oak,
yellow-poplar, and pine is also the composition of the North
Carolina forests while the predominant species of the
Virginia forests are the oaks and yellow-poplar. The
Monongahela National Forest may be the most unusual

national forest in the Central Hardwood Region because it
includes relatively large volumes of black cherry, soft
maple, and red spruce.

Although forest-survey statistics indicate that other red
oaks (scarlet and southern red oaks) are the most
predominant species group on the Daniel Boone, select
white oak and yellow-poplar are the primary individual
species. White oak and yellow-poplar also are the primary
species on the Wayne while the Hoosier and Shawnee are
oak/hickory forests with high proportions of select white
oak.

The Mark Twain is the most fragmented forest in the
Central Hardwood Region with nine noncontiguous
districts. Although other red oaks account for 36 percent
sawtimber volume, shortleaf pine is the most predominant
species. Shortleaf pine is the most important species in the
Ozark, though, select red and white oaks account for 34
percent of the sawtimber volume. The St. Francis is the
only forest in the western portion of the Central Hardwood
Region without a major pine component.

CHANGES IN NATIONAL FOREST TIMBER

SALES
Volumes of hardwood timber sold from national forests in the
Central Hardwood Region in 1997 are presented in Table 2.

Table 1—Sawtimber volume?, hardwood component, and major species® of national forests in the

Central Hardwood Region

National Sawtimber Hardwood
forest State volume component Major species
Million bf Percent
Chattahoochee® GA 4311.1 63.7 WPY, OWO, ORO, SRO
Cherokee TN 3412.0 61.6 SRO, WP, YP, OP
Pisgah and NC 7443.9 80.4 OWO, SRO, ORO, YP, SWO,
Nantahala® WP, OP
Jefferson and VA 7803.0 83.9 OWO, SRO, ORO
G. Washington
Monongahela wv 5181.6 83.7 SRO, BC, YP, SM, RS, OWO
Daniel Boone KY 3437.2 85.0 ORO, SWO, YP, ORO
Wayne OH 842.5 98.1 SWO, YP, OWO
Hoosier IN 795.7 92.0 SWO, ORO, OWO, HK
Shawnee IL 1020.0 95.9 ORO, SWO, HK
Mark Twain' MO 3352.0 68.4 ORO, SLP
Ozark AK 4030.2 70.9 SLP, SWO, SRO
St. Francis AK 238.6 83.2 SWO, ORO, HK, YP

& Sawtimber volumes based on survey unit data extracted from the Eastwide Forest Inventory Data Base.
Estimates are approximate since small portions of national forests may be in adjacent forest survey units.
b When combined, species equal or exceed 50 percent of the resource ranked in order of volume.

¢ Does not include the Oconee National Forest.

4 SWO-select white oak, SRO-select red oak, OWO-other white oak, ORO-other red oak, YP-yellow-polar, HK-
hickory, BC-black cherry, SM-soft maple, BE-beech, SLP-shortleaf pine, WP-eastern white pine, RS-red spruce,

OP-other pine.
¢ Mountain survey region of North Carolina.
" Developed from Kingsley and Law 1991.



Table 2— National forest timber sales in 1997 and changes in sawtimber sales between
1985 and 1997 with respect to volume in the Central Hardwood Region

Volume of Change in Volume of Change in
hardwood volume of softwood volume of
sawtimber hardwood sawtimber softwood
sold in sawtimber sold in sawtimber
National forest 1997 sold 1997 sold
MBF Percent MBF Percent
Chattahoochee/ 1609.1 -73.5 2138.8 -92.7
Oconee
Cherokee 3227.1 -75.6 7171.2 -36.7
Pisgah/Nantahala 6718.2 -74.7 7087.5 -38.5
Jefferson/ 11136.5 -34.2 746.0 -88.0
Washington
Monongahela 9267.6 -50.1 211.4 -87.6
Daniel Boone 8070.0 -66.2 990.1 -87.2
Wayne/Hoosier 3802.2 -73.2 1870.3% 3116.3?
Shawnee 56.7 -96.1 8.4 -99.3
Mark Twain 25884.1 -36.9 12138.4 43.7
Ozark/St. Francis 5001.3 -30.5 34326.4 125.7

# Volume of softwood sold and increases in softwood sales were influenced by a salvage sale in

1997.

The Wayne and Hoosier National Forests are combined in
Table 2 because they were operated as a single forest for 11
of the 13 years covered by this study. Similarly, timber sales
on the Chattahoochee and Oconee and the Ozark and St.
Francis National Forests are reported jointly.

Hardwood sawtimber sales on the Chattahoochee/Oconee,
Cherokee and North Carolina (southern Appalachian)
National Forests have declined by nearly 75 percent
between 1985 and 1997. Except for the
Cahattahoochee/Oconee, softwood sales have dropped
less than hardwood sales. Much of the decline on the
Chattahoochee/Oconee was caused by reduced sales on
the Oconee. Although the southern Appalachian forests are
predominantly hardwood, softwood timber was the major
product sold from these forests in 1987.

Sales of hardwood sawtimber from the
Jefferson/Washington, Monongahela, and Daniel Boone
(mid Appalachian) also declined 34 to 66 percent. The
volume of softwood sawtimber sold from these forests has
declined by nearly 90 percent. In 1997, hardwood sales
were 15 times greater than softwood sales in these forests.

Hardwood sawtimber sales for the Wayne/Hoosier declined
by 73 percent while sales from the Shawnee have all but
stopped. The large increases in softwood sawtimber from
the Wayne/Hoosier resulted from salvage sales of uprooted
and storm damaged trees. Prior to 1997, softwood sales
were erratic but showed no downward or upward trend.
Hardwood sawtimber sales also varied from year to year
but have shown a decided downward trend; the decline

was greatest in the Ohio (Wayne) section. Similar to the
decline in the Wayne section of the Wayne/Hoosier,
softwood sawtimber sales have all but ceased on the
Shawnee National Forest.

The two Central Hardwood forests west of the Mississippi
(Mark Twain and Ozark/St.Francis) have shown a
moderate decline in hardwood sawtimber sales and large
increases in softwood sawtimber sales. The increases in
softwood were almost entirely those of shortleaf or other
southern pines.

In the southern Appalachian forests, sales of hardwood
pulpwood declined by 77 to 87 percent (Table 3). Sales of
softwood pulpwood have declined by 27.3 percent on the
Chattahoochee/Oconee and have increased more than 100
percent on the Cherokee. Pulpwood sales are influenced
by sawtimber sales because sawtimber and pulpwood are
sold together. The relative decline in hardwood pulpwood
sales was greater than that for softwood pulpwood
because of the greater decline in hardwood sawtimber
sales. Still, the decline in relative sales of hardwood
pulpwood has been greater than that of hardwood
sawtimber and the decline in sales of softwood sawtimber
was greater than that of softwood pulpwood.

Hardwood and softwood pulpwood sales have declined by
58 to 71 percent on the Virginia and West Virginia forests.
Similar to other Mid- Appalachian forests, sawtimber and
pulpwood sales from the Daniel Boone have declined by 49
to 87 percent; the decline was greatest in volume of
softwood sawtimber and pulpwood.



Table 3— National forest timber sales in 1997 and changes in pulpwood sales between

1985 and 1997 with respect to volume in the Central Hardwood Region

Volume of Change in Volume of Change in
hardwood volume of softwood volume of
pulpwood hardwood pulpwood softwood
sold pulpwood sold pulpwood
National forest 1997 sold 1997 sold
MBF Percent MBF Percent
Chattahoochee/ 879.9 -87.5 8867.6 -27.3
Oconee
Cherokee 2769.1 -72.2 4875.5 114.1
Pisgah/Nantahala 4932.8 -76.8 6248.1 29.5
Jefferson/ 15943.2 -57.8 1640.0 -70.9
Washington
Monongahela 2702.7 -67.1 91.7 -86.0
Daniel Boone 2129.1 -49.3 646.3 -69.1
Wayne/Hoosier 1414.2 -77.4 2188.9 597.6
Shawnee 0.0 -100.0 3.2 -99.9
Mark Twain 0.0 -100.0 1320.2 192.3
Ozark/St. Francis 3779.2 -61.0 10991.3 -13.4

Similar to most other eastern national forests, hardwood
pulpwood sales from the Wayne/Hoosier declined by
nearly 80 percent; the 600-percent increase in softwood
pulpwood sales for these forest is the result of a salvage
sale. Sales of hardwood pulpwood have ceased on the
Shawnee

Although sales of hardwood pulpwood have ceased on the
Mark Twain, sales of softwood pulpwood have increased
by more than 190 percent. Pulpwood sales volumes for
both hardwood and softwood declined on the Ozark/St.
Francis with the greatest decline in hardwood. Pulpwood
sales from these forests vary from year to year, but the
largest increase in sales of softwood pulpwood from the
Mark Twain probably is abnormal because sales of this
product had approached zero between 1989 and 1996.

CHANGES IN NATIONAL FOREST TIMBER

SALES REVENUE

Although timber sales have declined sharply for most
national forests, timber sales revenue has not declined as
sharply and actually have increased on some forests
(Table 4). Only sawtimber sales are shown in Table 4
because pulpwood’s contribution to timber sales revenue
is small for most forests in the Central Hardwood Region.

An examination of sales in the Appalachian portion of the
Central Hardwood Region found that the change in
revenue was related to the volumes of economically
important species sold and the price growth of these
species. The oaks are the most important species on the
national forests in southern Appalachia. The sales volume
of oak species from these forests decreased at a rate
similar to that of total hardwood sales while price increased
by 90 percent (North Carolina and Chattahoochee/Oconee)
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to 600 percent (Cherokee). These increases in price
partially offset the decline in sales volume; still, revenues
decreased by 30 to 54 percent between 1985 and 1997
(Table 4).

During the study period, red oak has been the most
valuable species sold from national forests in Virginia.
While total hardwood sawtimber sales declined by nearly
35 percent on these forests, sales of red and black oak
increased by 44 percent. This increase in sales volume and
a 391- percent increase in the price of red and black oak
were the driving force behind the 191-percent increase in
hardwood sawtimber revenues for these forests. Although
red oak is the most predominant species on the
Monongahela National Forest, most of the increases in
sales revenue from this forest can be attributed to the
steady sales volumes of black cherry and a 630-percent
increase in the price of this species.

The oaks also are the most important species in the Daniel
Boone National Forest, however, while the sales volume of
white oak on these forests decreased by more than 50
percent, the sales volume of red oak increased by nearly
60 percent. The increase in red oak sales combined with
increases of more than 300 percent in the prices of both
red and white oak prices are the primary reasons why
sales revenue did not decrease on the Daniel Boone.

The moderate increases in prices of red and white oaks on
the Wayne/Hoosier and Shawnee forests were insufficient
to offset a decrease in sales volume. By contrast, the 128-
percent increase in the price of mixed oaks from the Mark
Twain offset the 30-percent decline sales volume. The
aggregate price of oak sold from the Ozark/St. Francis
National Forests increased only slightly while prices of



Table 4—National forest sawtimber sales in 1997 and changes in sawtimber sales
between 1985 and 1997 with respect to value in the Central Hardwood Region

Revenue of Change in Revenue of Change in
hardwood revenue of softwood revenue of
sawtimber hardwood sawtimber softwood
sold in sawtimber sold in sawtimber
National forest 1997 sold 1997 sold
$1,000 Percent $1,000 Percent
Chattahoochee/ 186.2 -38.3 254.4 -91.8
Oconee
Cherokee 478.4 -30.1 973.1 8.6
Pisgah/Nantahala 658.9 -54.4 990.9 13.8
Jefferson/ 2631.3 191.3 110.4 -64.6
Washington
Monongahela 3674.9 209.2 6.7 -85.1
Daniel Boone 872.1 6.3 78.1 -79.4
Wayne/Hoosier 589.1 -55.4 18.3 326.0%
Shawnee 6.4 -93.1 3 -99.0
Mark Twain 3704.0 51.2 1500.3 158.5
Ozark/St. Francis 512.0 -32.6 9333.8 531.5

# Volume of softwood sold and increases in softwood sales were influenced by a salvage sale in

1997.

mixed hardwoods decreased by more than 50 percent. As
a result, the decline in total sawtimber revenue was greater
than that of sawtimber sales volume.

POTENTIAL IMPACT OF CONTINUAL
REDUCTIONS IN SALES

A reduction or cessation of timber sales from national
forests would seem to have little impact on the forest-
products industry. In most of the states examined in this
paper, the sawtimber volume on national forests is less
than 10 percent of total sawtimber volume. However,
national forest timber must be viewed not in aggregate but
with specific users in mind.

Most of the national forests in the southern Appalachian
Region are located near the North Carolina-Viginia wood-
furniture industry. This industry is located in this region
because of the availability of lumber. However, every
southern Appalachian forest also is accessible by at least
one interstate highway. Thus, the accessibility of these
forests combined with their proximity to numerous urban
centers may be another reason why this region has shown
the greatest decline in timber sales.

Black cherry is the most valuable, commonly traded
domestic hardwood species (Hardwood Market Report
1998) and rivals mahogany in importance in the
manufacturing of traditional furniture. In the late 1980’s the
Monongahela National Forest contained about 4 percent of
the nation’s inventory of black cherry (Luppold and others
1998). All indications are that cherry has been harvested

on private lands at a much faster rate than the national
forests. As a result, the supply of cherry on these forests
has increased.

The national forests in Ohio, Indiana, and lllinois contain
large quantities of higher grade white oak timber (Luppold
and others 1998). Although white oak is used by domestic
secondary timber processors, much of the higher grade
white oak from this region is exported to Europe and Asia.
Reduced supplies of national forest timber from this region
may not affect facilities that serve domestic customers as
much as sawmills that sell to international customers.

The two national forests west of the Mississippi have
substantial volumes of hardwood sawtimber. However, the
market value of this timber is not as high as that of timber
in other parts of the Central Hardwood Region. Still,
flooring, pallet, and other industries may be dependent on
sustained quantities of lumber from these forests.

SUMMARY AND CONCLUSIONS

The forests of the Central Hardwood Region range from
the pine/oak forest of southern Appalachia to the primarily
oak forest of the Central Plains to the pine/oak forest west
of the Mississippi River. The southern Appalachian forests
in Georgia, North Carolina, and Tennessee have shown
greater declines in hardwood sawtimber sales than the
forests of the mid-Appalachian Region of Virginia, West
Virginia, and Kentucky. This difference may be a function of
the proximity of the forests in southern Appalachia to large
urban centers.



National forests in the Central Plains have shown large
declines in hardwood sawtimber sales with the Shawnee
showing the greatest decline. The only increases in timber
product sales have resulted from a salvage sale of white
pine on the Hoosier National Forest. The two national
forests west of the Mississippi River have shown relatively
moderate declines in sales of hardwood sawtimber sales
and large increases in sales of softwood sawtimber.

Although timber sales have declined sharply for most
national forests, timber revenues from these sales have not
decreased nearly as much and have increased in some
forests. These increases in revenue were greater on the
Jefferson/Washington and Monongahela National Forests,
the result of increased sales volume and prices of select
red oak from the Jefferson/Washington and increased sales
of black cherry from the Monongahela.

The reduction in timber sales on national forests has had
an adverse economic impact on the industries that process
and use timber products. This economic loss may be offset
somewhat by gains that result from allocating timberlands
to alternative uses such as watershed protection or
recreation. It is important that policymakers understand
economic tradeoffs associated with their decisions, and

that future research focus on the impact of changing timber
sales and management policies on recreational and
ecological services. We believe that such analyses should
be conducted on a forest-by-forest if not county-by-county
basis to insure that the needs of rural communities located
near national forests are considered.
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OAK PLANTING SUCCESS VARIES AMONG ECOREGIONS
IN THE CENTRAL HARDWOOD REGION

Dale R. Weigel *

Abstract— This paper compares the results of planting northern red oak (Quercus rubra L.) and white oak (Q. alba L.) in
the Ozark Highlands of Missouri to planting northern red oak in the Shawnee Hills and Highland Rim of southern Indiana. In
both regions, seedlings were planted beneath shelterwoods thinned to 60 percent stocking. Black oak site index for
Missouri planting sites was 19 meters (at an index age of 50 years) and 23 meters for Indiana sites. A total of 5,120
seedlings were planted. Three years after planting the shelterwoods were removed. Six nursery treatments were applied to
growing 2+0 northern red oak stock in which seedlings were: (1) not undercut nor top-clipped, (2) not undercut but top-
clipped the spring before planting, (3) undercut the first year in the nursery but not top-clipped, (4) undercut the first year
and top-clipped, (5) undercut both years in the nursery but not topped clipped, and (6) undercut both years and top-clipped.
Those treatments plus two additional treatments were applied to growing 3+0 white oak nursery stock in which seedlings
were: (1) undercut the second year but not top-clipped, and (2) undercut the second year and top-clipped. Thirteen years
after planting, survival of northern red oak ranged from 13 to 26 percent in Indiana plantings and from 50 to 77 percent in
Missouri plantings, depending on treatment. Eleven years after planting, survival of white oak in Missouri ranged from 40 to
85 percent. Because survival by itself may not accurately reflect planted tree success, logistic regression was used to
derive dominance probabilities for planted oaks. Accordingly, a planted tree was deemed dominant (and thus competitively
successful) if it attained 80 percent of the mean height of dominant competitors a specified number of years after planting.
In the Missouri plantings, estimated dominance probabilities for northern red oak increased with time since shelterwood
removal and with increasing initial basal caliper of seedlings. After 13 years, probabilities for red oak seedlings with an initial
caliper of 15 millimeters ranged from 0.45 to 0.60, depending on nursery treatment. Estimated probabilities for white oak did
not change significantly with time. After 11 years, probabilities for white oak seedlings with an initial caliper of 15 millimeters
ranged from 0.36 to 0.77. In contrast, estimated dominance probabilities for red oaks planted in Indiana declined with time.
After 13 years, probabilities for seedlings 15 millimeters in initial caliper ranged from 0.02 to 0.04, depending on nursery
treatment. Although effects of undercutting and top-clipping varied by species and planting region, their joint effects
generally resulted in higher success probabilities than when neither treatment was applied. Low dominance probabilities for
trees planted on Indiana sites resulted from high mortality and slow growth related to suppression by yellow-poplar
(Liriodendron tulipifera L.) and aspen (Populus spp). In addition to nursery treatment and initial seedling size effects, the
results emphasize the importance of recognizing variation in the outcome of interspecific competition among ecoregions

and associated temporal changes in dominance probabilities of planted oaks.

INTRODUCTION

Many forests of the Central Hardwood region are dominated
by oaks. However, regenerating oaks naturally has often
been unsuccessful (Crow 1988, Lorimer 1989). Planting
may be one way to overcome this problem. Numerous
papers have been presented in previous Central Hardwood
Forest Conferences dealing with oak planting (e.g., Bardon
and Countryman 1993, Lantagne 1995, Larrick and others
1997, McNeel and others 1993, Rathfon and others 1995,
Teclaw and Isebrands 1993, Weigel and Johnson 1997).

The shelterwood method can be used to create conditions
favorable to regenerating oaks (Dey and Parker 1996,
Hannah 1987, Johnson and others 1989, Loftis 1990).
Combining oak planting with the shelterwood method offers
an alternative to relying exclusively on natural regeneration
(Johnson and others 1986). Shelterwoods of appropriate
density can provide planted oaks with sufficient light and time
for them to reestablish and expand their root systems before
final shelterwood removal (Dey and Parker 1996, 1997). The
planted oaks then can successfully compete with other
established tree reproduction after the shelterwood is
removed. However, the success of the method depends on

the size and type of nursery stock that is planted (Johnson
1984, Weigel and Johnson 1998a, 1998b).

The results from two oak planting studies are reported here.
They deal with northern red oak (Quercus rubra L.) and
white oak (Quercus alba L.) planted beneath a shelterwood
and the subsequent removal of the shelterwood. The
objective of the studies was to develop methods to increase
success of planted northern red oak and white oak seedlings
at different locations in the central hardwood region.

METHODS

Results were obtained from two studies that included 3,840
two-year-old northern red oak seedlings (study 1) and
1,280 three-year-old white oak seedlings (study 2).
Seedlings were planted under oak or mixed oak stands
thinned from below to 60 percent stocking based on
Gingrich’s (1967) stocking equation.

Nursery Phase

Half of the northern red oak seedlings were grown in the
Vallonia State Forest Nursery in Indiana and half in the
George O. White State Forest Nursery in Missouri. The

1 Forester, USDA Forest Service, North Central Research Station, 811 Constitution Avenue, Bedford, IN 47421.
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planted trees represented 10 seed sources, 5 stand
collections from Missouri and 5 stand collections from
Indiana. White oak seedlings were grown in the George O.
White State Forest Nursery in Missouri. The planted trees
represented 10 seed sources, 5 stand collections from
Missouri and 5 stand collections from Mississippi. The
objective of including seed source as a source of variation
was primarily to ensure some genetic diversity into the
study and account for that variation. The objective was not
to identify superior seed sources. Nursery and seed source
for northern red oak, 13 years after planting, and seed
source for white oak, 11 years after planting, did not have a
significant affect on survival (p > 0.05) and where therefore
combined during analysis.

Northern red oak seedlings received one of three
undercutting treatments in the nursery bed: (1) not
undercut (Ug), (2) undercut during the first growing season
(U,), and (3) undercut the first and second growing
seasons (U ,). White oak seedlings received one of four
undercutting treatments in the nursery: (1) not undercut
(Uy), (2) undercut during the first growing season (U,), (3)
undercut during the second growing season (U,), and (4)
undercut during the first and second growing seasons
(U,,). Seedlings were undercut at a depth of 15
centimeters during mid to late June after the completion of
one or two flushes of shoot growth. Those undercut the
second year were undercut at a depth of 20 centimeters.

After spring lifting in early April 1984 and before planting,
the tops of half the northern red oak seedlings in each
undercutting treatment were cut off (“top-clipped”) 20
centimeters above the root collar (C,) and the other half
were left intact (C). White oak seedlings were grown for 3
years and either fall lifted in November 1984 or spring lifted
in early March 1985. Before planting, half the white oak
seedlings in each undercutting treatment were top-clipped
20 centimeters above the root collar (C,) and the other half
left intact (C,). Taproots and lateral roots of all seedlings
were pruned to a common length of 25 centimeters below
the root collar after lifting. The initial caliper (basal diameter
measured 2.5 centimeters above the root collar) of each
seedling was measured to the nearest 0.1 millimeter and
recorded (table 1).

Planting Sites

Two Indiana sites were selected for planting northern red
oak: Paoli Experimental Forest and the Pleasant Run Unit
of the Hoosier National Forest. These sites were located in

Table 1—Mean, standard deviation, and range of initial
seedling caliper for northern red oak and white oak

Standard
Species Mean deviation Minimum Maximum
____________________ mm g
Northern red oak 12.3 3.35 3.3 25.4
White oak 12.9 4.94 2.6 37.9
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the Shawnee Hills and the Highland Rim, respectively, of
the Interior Low Plateau as defined by McNab and Avers
(1994). Sites were dominated by mixed oaks and yellow-
poplar; black oak site index was 23 meters at an index age
of 50 years based on Carmean’s (1971) site index curves.
In southern Missouri, two sites were selected for the
northern red oak plantings and two sites for the white oak
plantings on the Sinkin Experimental Forest, which lies
within the Central Plateau Subsection of the Ozark
Highlands as defined by McNab and Avers (1994). The
sites were dominated by black oak and white oak. Black
oak site index was 19 meters at an index age of 50 years
based on McQuilkin’s (1974) site index table.

Outplanting

Northern red oak seedlings were outplanted in April 1984
at a spacing of 1- x 1-meter in a randomized block design
with eight replications. Seedlings in Missouri were bar
planted while those in Indiana were planted in auger holes.
In April 1985 the white oak seedling were bar planted at 1-
x 1-meter spacing. On all planting sites all woody stems
between 2 and 4 centimeters d.b.h. and all stumps created
by the shelterwood cut were treated with an herbicide
(Tordon RTU) before planting. After three growing seasons
(during the winter of 1986-1987 for northern red oak and
during the winter of 1987-1988 for white oak), the
shelterwood was completely removed. All stumps created
by the final overstory removal were treated with an
herbicide (Tordon RTU). Planted tree heights and survival
were measured and recorded annually or biennially for 13
years for northern red oak and 11 years for white oak. For
northern red oak in Indiana, the heights of dominant
competitors were also measured in 1990, 1991, 1993, and
1996 (7, 8, 10, and 13 years after planting, respectively). In
Missouri heights were not measured in 1993. For white
oak, the heights of dominant competitors were also
measured in 1990, 1992, 1993, and 1995 (6, 8, 9, and 11
years after planting, respectively). The tallest woody
competitor, within a 1-meter radius of every fourth planted
tree, was measured to determine mean heights of
dominant competitors on each study area.

Data Analysis

Analysis of variance was used to determine influence of
nursery treatments on survival and height growth. Mean
separations were performed using Student-Newman-Keuls
multiple range test. All treatment effects were tested at the
0.05 level. Logistic regression analysis (SAS 1989) was
used to estimate the probability that a seedling of a given
initial caliper would equal or exceed 80 percent of the
mean height of dominant competitors. Models were
developed for northern red oak in Indiana, northern red oak
in Missouri, and white oak in Missouri. Analysis was done
at 13 years for northern red oak and 11 years for white oak.

RESULTS

Survival after the first growing season for both species
ranged from 100 percent to 87 percent (figure 1). Survival
decreased for the 3 years while the oak seedlings were
beneath the shelterwood. The U C, treatment, significantly
different from all other treatments, showed the lowest
survival for both species with white oak the lowest at 45
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Figure 1—Survival trends for planted northern red and white oak. Seedling treatments: U,C, = not undercut, not
top-clipped; U,C,; = not undercut, top-clipped; U,C, = undercut first year, not top-clipped; U,C, = undercut first
year, top-clipped; U,C, = undercut second year, not top-clipped; U,C, = undercut second year, top-clipped;
U,,C, = undercut first and second year, not top-clipped; U,,C, = undercut first and second year, top-clipped.

percent. Survival for all remaining treatments for the two remained fairly constant for the first 5 years but then
species was above 65 percent. Following complete overstory decreased. In Indiana, 10 years after complete overstory
removal, survival remained constant for white oak ending removal, survival dropped to between 13 and 26 percent.
between 40 and 85 percent 8 years after overstory removal The U,C, treatment was significantly different for all

with the U C, treatment once again significantly different treatments except U,C, and U,,C,. For Missouri the survival

from all other treatments. For northern red oak, survival
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rate ranged from 50 to 77 percent with the U,C, treatment
significantly different for all treatments except U,C,..

During the early years, mean heights of survivors of white
oak and northern red oak in both Missouri and Indiana
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differed by treatments. Those seedlings not top-clipped
showed no net height growth during the first 3 to 5 years
following outplanting (figure 2). However, seedlings top-
clipped showed a positive height growth so that by the third
to sixth growing season following outplanting there was no
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Figure 2—Mean heights of surviving planted northern red and white oak compared to the height of 80 percent of
the competition height. Seedling treatments: U,C, = not undercut, not top-clipped; U,C, = not undercut, top-
clipped; U,C, = undercut first year, not top-clipped; U,C, = undercut first year, top-clipped; U,C, = undercut
second year, not top-clipped; U,C, = undercut second year, top-clipped; U ,C, = undercut first and second year,
not top-clipped; U,,C, = undercut first and second year, top-clipped. RH80 (relative height 80) represents 80
percent of the mean height of dominant competitors.



significant difference (p > 0.05) in height between top-
clipped and non-top-clipped seedlings.

Eight years after complete overstory removal (11 years
after planting) white oak top-clipped treatments out grew
non-top-clipped treatments (p < 0.05), with the U, C,
treatment showing the poorest performance (p < 0.05). For
northern red oak, 10 years after complete overstory
removal (13 years after planting), the U,C, treatment
outperformed all other treatments. Heights for northern red
oak were not significantly different (p > 0.05). The
difference between treatments for both species was less
than 60 centimeters.

A planted oak was considered dominant if it attained 80
percent of the height of the competition. In Missouri, 8 years
(white oak) and 10 years (northern red oak) after complete
overstory removal all treatments were taller than 80 percent
of the competition height. However, in Indiana all treatments
for northern red oak were outgrown by woody competitors.
The best treatment result was over 2.5 meters shorter than
80 percent of the woody competitor height.

Seedling survival and mean height of surviving trees do not
always equate to seedling success. Moreover, such
averages do not take initial seedling caliper into account.
Logistic regression analysis therefore was used to estimate
the probability that a seedling of a given initial caliper
would equal or exceed 80 percent of the mean height of
dominant competitors up to 10 years (northern red oak) or
8 years (white oak) following shelterwood removal. The
resulting values were termed dominance probabilities
because they express the likelihood that a planted seedling
of a given treatment and initial size would be dominant or
codominant (table 2).

Logistic regression results produced dominance
probabilities that varied by species and ecoregion.

Dominance probabilities increased with increasing initial
seedling caliper for both species (figure 3). Northern red
oak in Missouri showed increased dominance probabilities
with time since shelterwood removal while in Indiana they
showed decreased dominance probabilities with time since
shelterwood removal. For white oaks in Missouri,
dominance probabilities remained constant with time since
shelterwood removal. Within a given undercutting treatment
group, dominance probabilities for a given initial basal
caliper are larger for clipped than for unclipped seedlings.
The U,C, treatment for both species produced the lowest
dominance probabilities.

DISCUSSION

Survival rates after the first growing season were higher
than that reported by Crunkilton and others (1989) for
northern red oak in Missouri. Six years after outplanting,
survival rates were similar to those reported by Gordon and
others (1995). McGee and Loftis (1986) reported northern
red oak and black oak survival, during a similar growing
period, comparable to those reported here. Much of the
mortality that did occur during the shelterwood period may
have been attributable to suboptimal light levels,
associated shoot dieback, and the death of seedlings of
initially poor physiological quality.

Crunkilton and others (1989), Gordon and others (1995),
McGee and Loftis (1986), and Zaczek and others (1993,
1997) reported height growth rates similar to or slightly less
than those reported here. Possible logging damage
following complete shelterwood removal could partially
explain slow height growth.

Although survival and height growth of planted seedlings
are important to their success, they do not always tell the
complete story. The important end result is producing a
competitively successful seedling; survival and height
growth are not always indicators of a competitively

Table 2—Logistic regression models for dominance probabilities that a planted oak seedling will be dominant or codominant

Parameter estimates®

Species b, b, b, b. b, b, b, b, p° Ne

White oak -3.7414 1.1667 0.6984  0.9590 0.8022 0.10 5120
NRO in Missouri -1.3070 0.5248 0.2484 0.3783 -3.2712 0.85 5760
NRO in Indiana -1.7829 1.2593 0.4743  0.4060 0.2699 0.6659 -0.0825 0.21 7680

2 Regression models are of the form P = {1+exp[-(b, + b,X, + b,X, + bX, + b, X, + bXs + bX, + b, X )]}'*, where P is the estimated probability
that a planted oak seedling will produce a successful seedling; X, is the natural log of initial seedling caliper in millimeters; X, = 0 if not
undercut, undercut second year, or both years, = 1 if undercut first year; X, = 0 if not undercut or undercut first year, = 1 if undercut second year
or both years; X, = 0 if not top-clipped, = 1 if top-clipped; X, = years since shelterwood removal; X, = (years since shelterwood removal)?; X, =
l/years since shelterwood removal. All parameter estimates differ significantly from zero at [J = 0.05.

® The probability (p) that estimated dominance probabilities differ from the observed based on the Hosmer-Lemeshow chi-square test (Homer

and Lemeshow 1989).

¢ N = number of seedlings planted « number of years competition measured (4 times for white oak and northern red oak in Indiana and 3 times

for northern red oak in Missouri).
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Figure 3—Dominance probabilities for planted northern red oak and white oak in relation to initial seedling caliper
and years since shelterwood removal. For both regions and species, success probabilities are shown for the
“best” and “worst” combination of undercut (U) and shoot clipping (C) treatments. Seedling treatments: U ,C,= not
undercut, not top-clipped; U,,C, = not undercut or undercut the first year, not top-clipped; U,C, = undercut first
year, top-clipped; U,,C, = undercut first and second year, top-clipped; U, ,,C; = undercut second year or first and
second year, top-clipped. Note change in axis orientation between a and ¢ and b.

successful seedling. Dominance probabilities give an Different dominance probabilities between ecoregions can
indication of success by taking into account initial be explained by the relatively high site quality and the
seedling caliper and seedling success against presence of rapid growing intolerant yellow-poplar
competition. Therefore, dominance probabilities integrate (Liriodendron tulipifera L.) and aspen (Populus sp.)
survival and growth into a single value which is reproduction in Indiana. Those species comprised 75
silviculturally useful. percent of woody competitors on the Indiana planting sites.
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Yellow-poplar (Beck 1990) and aspen (Perala 1990) are
absent in the Ozark Highlands of Missouri. This height
advantage of yellow-poplar and aspen over northern red
oak in Indiana was at least 2.5 meters 10 years after
shelterwood removal (figure 2). With the absence of yellow-
poplar and aspen in Missouri, northern red oak was able to
outgrow the competition and increase its dominance
probabilities. Missouri woody competitors are characterized
by low survival rates and limited size development
relegating them to the sapling and reproduction layers (Dey
and others 1996). However, in Indiana northern red oak
was unable to compete with yellow-poplar and aspen which
remain dominant throughout the rotation and thus its
dominance probabilities decreased to near zero. Similar
results were reported by McGee and Loftis (1986) in the
southeast. White oak was able to compete successfully
with woody competitors from time of shelterwood removal
and thus its dominance probabilities remained constant.

Current results indicate that plantings in the Missouri Ozark
Highlands will produce dominant and codominant trees.
Successful plantings will not result in the two Indiana
ecoregions. To improve planting results, in ecoregions
dominated by rapid growing persistent woody competitors,
post planting competition control may be needed. Burning
the plantings while beneath the shelterwood (Brose and
Van Lear 1998) or within 4 years following overstory
removal should reduce the yellow-poplar competition.
Application of herbicides to woody competitors 3-4 years
following overstory removal should also provide the oaks
with growing space. Repeated applications of competition
control in these ecoregions may be necessary to maintain
the planted oak in a dominant or codominant position.

The results of this research emphasize the importance of
recognizing variation in competition among ecoregions
where oak are to be planted. While a prescription for
planting oak in one ecoregion may be successful, the same
prescription in another ecoregion may result in entirely
different results.
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EFFECTS OF FROST ON HARDWOOD REGENERATION IN NORTHERN WISCONSIN

J.C. Zasada, R.M. Teclaw, D.S. Buckley and J.G. Isebrands 1!

Abstract— In northern Wisconsin, frosts often occur during the early growing season when shoot and leaf development are
beginning and trees are most susceptible to freezing temperatures. We measured the intensity and duration of frosts in late
May and early June 1994 in a vertical, 10 meter temperature profile in a clearcut, a stand with 50 percent crown cover, and
a control. In addition, we monitored shoot development of northern red oak (Quercus rubra L), white ash (Fraxinus
americana L.), ironwood (Carpinus caroliniana Walt.), sugar maple (Acer saccharum Marsh.), and aspen—both trembling
(Populus tremuloides Michx.) and big tooth (Populus grandidentata Michx.) in these stands and in a stand with 75 percent
crown cover. We also assessed frost damage on a broader scale as it was related to overstory condition, distance from
clearcut edge, and topographic position in two areas with clearcut and partially cut hardwood forests. The frost damage was
more severe in the clearcut, less in the 50 percent crown cover, and did not occur in the 75 percent crown cover and
control. Northern red oak and white ash shoots were severely affected by frost with death of all new growth in the clearcut;
ironwood was slightly damaged; and sugar maple and aspen were apparently unaffected by frost. All trees with frost
damage produced new shoots; the location of the buds that flushed depended on the severity of frost damage. In addition
to differences among overstory treatments, frost damage differed with topographic positions and with depth-of-edge
between areas with different temperature environments. Silvicultural implications of our observations are discussed.

INTRODUCTION

Forest succession patterns are determined by many
interrelated factors acting at different spatial and temporal
scales. The most obvious factors, such as site productivity,
herbivory, plant species growth rates, vegetative
reproduction, and seed availability, are commonly used to
explain the variation in composition and development of
forest ecosystems. Other physical and biological factors
may also be important, but we know little about their
occurrence in space and time. Late spring frosts are one
factor that may be more important than expected for some
species and sites. Frost has long been implicated as a
factor in hardwood regeneration and growth, particularly for
oaks (Buckley 1994, Crow 1992, Emerson 1846, Gordon
and others 1995, Johnson 1979, McGee 1975, Ward
1964). However, there is little documentation of the
frequency and severity of frost damage to oaks at varying
scales of resolution, e.g., within and among individuals,
stands, and landscapes, although Geiger (1965) described
general spatial and temporal variation of frost in forests.
Early growing season frosts result from the interaction
between cold air masses that generally affect a region
(advective frost), radiative heat loss, and pooling of cold air
in areas with restricted air flow. The duration and severity
of sub-freezing temperatures are related to the local
topography, amount and type of forest cover, and weather
conditions. The inability of vegetation to return to some
northern Wisconsin sites after forest clearing in the early
1900s was due, in part, to the presence of frost pockets.
Plant response to frost can vary significantly depending on
the inherent ability of species to withstand frost, the stage
of plant development when frost occurs, the severity of
frost, and the ability to recover after frost damage (Kramer
and Kozlowski 1979).

This paper describes frost damage in 2 regenerating
hardwood stands in northern Wisconsin. The purpose of
these observations is to better understand the short term
effects of frost and determine if different forest structures
resulting from silvicultural treatments reduced damage.

METHODS

Willow Springs

The Willow Springs site is located on the Chequamegon
National Forest near Park Falls, WI (T38N R3E, Sections
13-14). Our most detailed observations were made at this
site, which has a habitat type of Acer/Viola - Osmorhiza
(Kotar and others 1988). The topography is level to gently
sloping (O to 5 percent) and the soil is a moderately
well-drained, sandy loam. Early results of an artificial oak
regeneration study on this site are available (Teclaw and
Isebrands 1991).

The study area consists of 4, 8 hectare overstory blocks—0
(clearcut), 50 percent, and 75 percent canopy cover and an
uncut control. Basal area was 17.0, 20.7, and 32.4 square
meters/hectare, respectively in the 50 percent, 75 percent,
and control blocks. Temperature was measured in the
clearcut, 50 percent, and control blocks at the surface and
0.25, 0.50, 1.0, and 2.0 meters above ground every 10
minutes. Hourly average and daily maximum and minimum
values were recorded with Campbell CR10 data loggers.
Weather stations were located in the center of each
overstory treatment and temperature measurements were
replicated three times within each block.

Shoot elongation was measured on sugar maple (Acer
saccharum Marsh.), white ash (Fraxinus americana L.),
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ironwood (Carpinus caroliniana Walt.), red oak (Quercus
rubra L), aspen—both trembling (Populus tremuloides
Michx.) and big tooth (Populus grandidentata Michx.), and
raspberry (Rubus idaeus L.) in the overstory blocks in which
they were present. The terminal shoot was measured on
each of six plants for each species. Plants were located
near the center of the block, as close to the weather
stations as possible, and at least 150 meters from the edge
of the block. Moreover, red oak acorn germination was
observed on six artificially seeded plots in each overstory
treatment block. Shoot elongation and germination
observations were made every 7 to 14 days from May 1
through early July and in early August and September.

Two weeks after the temperature in the clearcut was
recorded at -9.2 °C on Julian days 146-147 (May 26-27),
we established three transects in all overstory treatments
to determine the spatial variation in frost damage. Sample
points were located at 10 meter intervals beginning at the
edge of the clearcut block and going into the adjacent 50
percent and untreated blocks. The transects in the 50
percent block spanned the block and ended in the adjacent
uncut forest. Transects were 150 and 300 meters long in
the control and 50 percent blocks, respectively.

White ash and red oak were the only tree species severely
affected by the frost. Because of the small number of red
oak and the large number of uniformly distributed white ash
seedlings that regenerated naturally, sample trees were
only white ash. When oak seedlings were encountered,
they were evaluated and the degree of damage was
compared to adjacent white ash. Based on these
observations, red oak and white ash were similarly affected
by the frost. At each sample point, up to 20 white ash
seedlings ranging in height from 0.25 to 1.5 meters were
evaluated. Stump sprouts were also sampled in the
clearcut because seedlings in that block were rare. In the
control, most seedlings were 0.25 meter tall or less due to
poor performance of seedlings in full shade. Frost damage
was classified according to the following scale: class 1—no
damage; 2—up to 20 percent of leaves damaged; 3—21 to
40 percent damage; 4—41 to 60 percent damage; 5—61 to
80 percent damage; 6—81 to 99 percent damage; 7—all
leaves killed. In classes 2 to 5, there was little obvious
damage to the current year’s shoot. In class 6, the current
year shoot was frost-pruned to varying lengths; in class 7,
the entire current year shoot and all leaves were killed.

Bird Lake

The Bird Lake site is located near Lake Tomahawk, WI, on
the American Legion State Forest (T38N R7E, Section 18)
and has a habitat type of Acer/Vaccinium - Viburnum (Kotar
and others 1988). The topography is typical of ground
moraine deposits in the region with irregular slopes varying
from O to as much as 60 percent over short distances (fig.
1). The mesoscale topography at this site was much more
complex than at Willow Springs. The Bird Lake site
consists of three replications of three overstory
treatments—clearcut, and 25 percent and 50 percent crown
cover (fig. 1). Residual basal area in the 25 percent and 50
percent plots was 7 and 14 square meters/hectare,
respectively. Each overstory plot is 0.56 hectare. Teclaw
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and Isebrands (1993) have reported the early results of red
oak artificial regeneration studies on this site.

Three weeks after the frost on Julian days 146-47, we
made frost damage observations in all nine overstory
treatment plots. Within each plot, 12 sample points were
established. At each sample point, up to five red oak
seedlings and three red oak sprout clumps were evaluated
using the damage classes described above. In addition, we
measured total plant height and height of frost damage.

The contour map of the site was developed using a
hand-held abney level. All elevations in figure 1 are
referenced from the starting point of the survey, which was
designated as the 100 isoline. The total relief for the area is
approximately 28 meters (relative height of 88 to 116).

RESULTS

Willow Springs

In 1994, sub-freezing temperatures were recorded on
Julian days 131-133 (May 11-13), 136 (May 16), 146-147
(May 26-27), 152-154 (June 1-3), and 159 (June 8). The
growing degree days (dd) for the clearcut based on 5 °C
for the frost dates above were 97 to 111, 128, 243, 310 to
329, and 380, respectively. Degree days in the 50 percent
and control blocks were slightly less. Bud break occurred
between May 7 and 11, and there was measurable shoot
elongation on May 22. Neither red oak nor white ash
showed signs of frost damage on May 21; thus, frosts
before this did not appear to affect development.

The sub-freezing temperatures on days 146-147 caused an
immediate wilted appearance and green tissues turned
black within a few days. Temperature regimes differed
considerably among the three overstory treatments.
Minimum temperatures in the clearcut, 50 percent crown
cover, and 100 percent crown cover blocks were -9.2 °C,
-2.5 °C, and -0.6 °C, respectively. The duration of the
freezing conditions was 10 hours in the clearcut, 8 hours in
the 50 percent crown cover block, and only 1 hour in the
100 percent crown cover block. The depth of freezing
temperatures in the inversion layer was up to 10 meters
above the ground in the clearcut and 50 percent crown
cover blocks and only up to 0.5 meter in the 100 percent
crown cover block (fig. 2).

Species differed in their ability to withstand frost. In the
clearcut, red oak and white ash were equally susceptible.
The current year shoot and associated leaves were killed
on every seedling and sprout clump throughout the 8
hectare block (figs. 3A, 3B, 4A, and 5A). Frost damage did
not differ between plants in open areas and those present
in the understory of stands of dense young aspen suckers.
About 20 percent of the red oak acorns on artificially
seeded plots in the clearcut had germinated at the time of
the frost. They were subjected to the coldest temperatures,
and their above ground stems were killed. Red oak
germinants on the artificially seeded plots in the 50 percent
and 75 percent blocks were not damaged. Of the other
common tree and shrub species present, ironwood and
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Figure 1—Contour map of the Bird Lake site with locations of clearcut, 25 percent crown cover and 50 percent crown cover
plots. The elevations shown are in meters and relative to the 100 line (e.g., 88 indicates 12 meters lower than 100 and 116
indicates 16 meters higher). The total relief in the area is approximately 28 meters. Isolines in the Rep 3 - 50 percent plot are
not continuous with other isolines in the figure as the plot is located several hundred meters away. See table 3 for estimates of

frost damage in each treatment unit.

raspberry had some leaf and shoot damage. The damage
to ironwood was not as immediately noticeable as in red
oak and white ash. The most susceptible parts of the
current growth of ironwood were killed by the frost, and
there was a measurable reduction in shoot length (data not
shown). In contrast, sugar maple and aspen did not exhibit
signs of frost damage. Shoot growth patterns observed
here were similar to those reported by Buech (1976) at
another site in northern Wisconsin.

Severity of frost damage to white ash and red oak varied in
the 50 percent and control blocks depending, in part, on
the distance to the edge of the clearcut block. In the
control, class 7 damage occurred to a minor degree up to
20 meters from the edge of the clearcut. From 30 to 150
meters from the edge, no damage was observed (table 1).
In the 50 percent block, class 6 and 7 damage was
common near the edge of the clearcut, but gradually
declined with distance from the edge of the clearcut.
Beyond 80 meters, class 7 damage did not occur and
undamaged seedlings were most common, although class
2 damage occurred up to 210 meters from the clearcut
(table 2). The damage from 80 to 190 meters from the
edge of the clearcut block may be representative of that

Table 1—Percentage of frost damaged seedlings in the
control block as related to distance from the edge of the
clearcut

Frost damage class

Distance

from edge 1 2 3 4 5 6 7
m

0-10 24 - 6 - 9 1 60

11-20 88 2 - 7 - - 3

21-30 96 - 2 2 -

31-150 100 - - - - - -

Class 1 = no damage, 2 = up to 20 percent of leaves damaged,
3 = 21 to 40 percent damage, 4 = 41 to 60 percent damage,

5 = 61 to 80 percent damage, 6 = 81 to 99 percent damage,

7 = all leaves killed.
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Figure 2—Temperature profiles in clearcut, 50 percent
crown cover, and control blocks at the Willow Springs site
on days 146 to 147.

expected with a frost of this intensity (fig. 2) in larger blocks
of continuous forest with these overstory conditions.
Beyond 190 meters from the edge of the clearcut, the
transect approached the uncut area and this may have
affected microclimate (table 2). None of the other tree
species or raspberry exhibited any evidence of frost
damage in any part of the 50 percent block. The 75 percent
block was surrounded by untreated forest and no damage
to red oak, white ash or other species occurred.

The type of flushing after frost damage varied with the
severity of damage. All plants with class 7 damage
produced new flushes. Most commonly, the new shoot
originated from dormant buds in the terminal bud cluster on
the previous year’s growth (fig. 3B) or from a dormant
axillary bud on the previous year’s growth or an axillary
bud near the base of the seedling. Flushing in seedlings
and stump sprouts was similar. Flushing began 1 to 2
weeks after the frost and was completed within about 2
weeks of budbreak. The post-frost flush was longer than
the original flush in some trees (figs. 4 and 5).
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Table 2—Percentage of frost damaged seedlings in the
control block as related to distance from the edge of the
clearcut

Frost damage class

Distance
from edge 1 2 3 4 5 6 7
m

0-10 - - - - - - 100
11-20 - - - - - - 100
21-30 - - - - 10 - 90
31-40 - - - - 8 - 92
41-50 2 - 6 2 6 10 74
51-60 25 14 7 4 10 14 25
61-70 29 19 12 9 12 12 7
71-80 61 19 5 5 4 5 2
81-90 74 18 4 4 - - -
91-100 93 6 - 1 - - -
101-110 78 19 - 3 - - -
111-120 93 6 - 1 - - -
121-130 82 18 - - - - -
131-140 100 - - - - - -
141-150 87 13 - - - - -
151-160 78 22 - - - - -
161-170 80 20 - - - - -
171-180 89 11 - - - - -
181-190 73 27 - - - - -
191-200 87 13 - - - - -
201-210 96 4 - - - - -
211-280 100 - - - - - -

Class 1 = no damage, 2 = up to 20 percent of leaves damaged,
3 =21 to 40 percent damage, 4 = 41 to 60 percent damage,

5 = 61 to 80 percent damage, 6 = 81 to 99 percent damage,

7 = all leaves killed.

Undamaged buds on the current year’s shoot flushed (fig.
3C and 3D) on seedlings that sustained partial frost damage
to leaves or shoots (e.g., red oak in the 50 percent block
and ironwood in the clearcut block). Flushing occurred on
stems with only damaged leaves and on those with
damaged leaves and shoots pruned to varying lengths by
the frost. For example, most of the leaves on the terminal
shoot of tree 3 (fig. 4B) were killed and subsequently shed,
but the shoot was not damaged. Following this damage,
several axillary buds flushed, resulting in additional net
shoot elongation for the year. Also, the tip of the shoot of
tree 4 (fig. 4B) was killed and shoot length was reduced in
the short-term; however, flushing of a bud on this shoot
recovered the lost length and added an additional 10
centimeters.

Bird Lake

Red oak was the only species damaged by frost at Bird
Lake. Other species present, but not damaged, were paper
birch (Betula papyrifera Marsh.), red maple (Acer rubrum),



Figure 3—Examples of frost damage to northern red oak where (A) entire shoot and all leaves were killed, (B) close-up of frost
killed shoot showing: (1) frost killed original flush and (2) new shoot formed by flush of dormant bud, (C) undamaged shoot with
nodes where frost-damaged leaves have been shed and axillary buds flushing, (D) shoot with frost pruned tip and various
degrees of leaf damage.

raspberry, and blackberry (Rubus allegheniensis Porter). plots had the least damage (class 2-3), followed by the 25
Frost damage was not closely associated with any of the percent plots and clearcuts, respectively. Although the
three overstory conditions in this area as it was at Willow number and size of plots in our study were not large
Springs, but appeared associated with topographic enough to establish a definitive relationship between
position. However, seedlings and sprouts in 50 percent overstory condition and topographic position, frost damage
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and topographic position seem related. For example, in the
clearcut plots, the least damage occurred in the plot with
the highest relative elevation (clearcut plot 2, fig. 1, table
3). Seedlings and sprouts in the 25 percent and 50 percent
plots tended to have more class 6 and 7 damage where
the elevation was below 100 than in those with elevations
greater than 100 (fig. 1, table 3).

The height on the plant to which frost damage occurred
differed among the plots. Affected seedlings always
exhibited damage over the entire plant, suggesting that
they were completely within the portion of the inversion
layer with temperatures low enough to freeze stem and leaf
tissues. However, stump sprouts in 25 percent plot 2 and
50 percent plot 2 were of sufficient height so that their tops
were above the freezing conditions of the inversion layer,
while their lower branches were damaged by freezing
conditions. Red oak trees along roads with the lower part
of their crowns damaged and the upper part undamaged
were common in this area. The oak stump sprouts in
clearcut plot 2 and 25 percent plot 3 showed damage over
their entire vertical structure.

We did not follow the post-frost flushing on this site.
However, measurements made at the end of the growing
season indicated that all seedlings had produced new
shoots and no mortality was observed as a result of the
frost damage.

DISCUSSION

In northern Wisconsin, frosts often occur during the early
growing season when trees are most susceptible to
freezing temperatures. Frost damage should be viewed at
different scales of resolution and as variable in space and
time. At Willow Springs and Bird Lake, frost damage
differed among shoots on the same plant, among species
and populations of the same species in an area, and
among stands within a landscape. We also observed

variation in frost damage related to a significant
depth-of-edge (Chen and others 1995) between areas
differing in temperature regimes as, for example, between
the clearcut block and the adjacent 50 percent and control
blocks at our Willow Springs site. The observed penetration
of frost damage into the control and 50 percent blocks from
the clearcut at Willow Springs may have important
implications for silvicultural practices such as strip or group
selection cuts. The patterns of frost damage that we
observed substantiate the work of Geiger (1965) on the
spatial variation in frost damage in forests, and they
provide examples of how hardwood forests of the northern
Great Lakes region are affected by frost.

Understanding the role of frost in determining the
composition and structure of these forests requires long
term observations. Several things do stand out, however,
from short-term observations. First, there are great
differences in susceptibility to frost among species, and
the most susceptible species, e.g., oak and ash, are at a
disadvantage on sites where growing season frosts are
common. For example, at Willow Springs, red oak was
affected by frost in each of the past 6 years in the
clearcut. Stump sprouts appear to have an advantage
over seedlings in that they grow faster and attain heights
that are above the damaging inversion layer during frost
events and may be the best way to maintain oak as a
component of the forest where frost is a concern. Oak
sprouts in lower Michigan recovered quickly from frost
damage and there was little effect on net shoot elongation
(Johnson 1979).

Frost is probably not a critical factor by itself in terms of
seedling survival. Rather, it is one of a host of biotic and
abiotic factors affecting survival and growth. Buckley (1994,
1998) found that frost damaged seedlings often died, but
that a combination of frost and repeated browsing of the
new shoots (produced after the frost) likely caused most of

Table 3—Percentage of frost damaged seedlings at the Bird Lake site relative to canopy cover and elevation

Clearcut 25 percent crown cover 50 percent crown cover
Frost Plot1 Plot2 Plot3 Plot 1 Plot 2 Plot 3 Plot1 Plot2 Plot3
damage 000 - Elevation (m) ---------  —mememeeee Elevation (M)----------  —meemeeeee Elevation (m)----------
class 108-114 94-104 96-100 110-116 100-108 92-102 102-110 96-102 98-102
1 25 - 2 31 28 - 25 14 45
2 34 - 19 27 23 - 41 12 10
3 29 - 17 22 11 - 26 8 3
4 4 - 17 11 3 - 2 11 -
5 5 - 8 4 2 - - 14 5
6 2 - 21 - 20 - - 15 8
7 2 100 17 5 12 100 7 26 28

Class 1 = no damage, 2 = up to 20 percent of leaves damaged, 3 = 21 to 40 percent damage, 4 = 41 to 60 percent damage, 5 = 61 to 80

percent damage, 7 = all leaves killed.
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Figure 4—Shoot elongation of red oak in (A) clearcut, and
(B) 50 percent crown cover block at the Willow Springs
site. The frost on Julian days 146 and 147 killed all new
shoot growth in the clearcut (fig. 3A), but affected only less
mature tips of shoots in 50 percent crown cover (fig. 3C
and 3D). Shoot growth of individual trees is shown for
clearcut and 50 percent crown cover areas to better
illustrate some of the variation within the seedling
population. Note the effect of frost pruning on shoot length
of tree 4 and on shoot elongation resulting from flushing in
trees 2 and 4 in 50 percent crown cover.

the mortality. Where portions of terminal leaders are
severely frost-pruned, reductions in height and
photosynthate production may decrease growth rate and
increase the period when a large proportion of the
photosynthetic tissues of a seedling are susceptible to
additional frosts, herbivory, and competition with understory
vegetation.

Our work confirms the studies of Ringger (1972) on
microclimate of forest gaps in northern hardwoods, as well
as the broader experience of Geiger (1965) who found that
silvicultural treatments significantly influence microclimate
and more specifically the distribution, severity and effect of
frost in the landscape. The importance of creating or
maintaining an overstory to reduce frost damage to oak
regeneration was recognized 150 years ago by Emerson
(1846), Crow (1992), Buckley (1994, 1998), and Gordon
and others (1995). The appropriate level of overstory cover
and composition will depend on the local topography of the
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Figure 5—Shoot elongation of white ash (A) 5 individual
trees in the clearcut, and (B) average of 5 trees in clearcut,
50 percent and 75 percent crown cover, and control blocks
at Willow Springs.

area and the frequency and severity of frosts in an area.
For areas with relatively little relief, such as our Willow
Springs site, it appears that a 50 percent canopy cover is
at the lower end of a threshold for total prevention of frost.
This agrees with observations from lower Michigan
(Buckley 1994, 1998) of a significant decrease in frost
damage as crown cover increased from 25 to 75 percent.
However, on sites with more irregular topography, such as
Bird Lake, there is a relationship between overstory
condition, topographic position, and potential for frost.
Small gaps or clearcuts in areas with highly irregular
topography might best be situated on relatively higher
areas where cold air drainage does not result in frost
pockets. Because of the depth-of-edge between areas with
substantially different microclimates, there could be
considerable damage to susceptible species in stands that
are not large enough to have a true interior (Chen and
others 1995).

In summary, these two case studies provide insight into
some aspects of how frost affects the development of
hardwood forests and how silvicultural treatments can be
used to ameliorate frost in northern hardwood forests. In
areas subject to frequent late spring frosts, managers
would benefit from increased information about the
relationship of frost damage to canopy cover, canopy
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composition, and the size of canopy openings. Certainly
more work is needed to characterize interactions between
these factors and frost, and to understand the long-term
impacts of frost on species in these forests.
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RED MAPLE DYNAMICS IN APPALACHIAN HARDWOOD STANDS IN WEST VIRGINIA

Brian D. Tift and Mary Ann Fajvan

Red maple (Acer rubrum L.) is increasing in understory
abundance in Appalachian Hardwood forests in the eastern
United States. Partial cutting practices are typically used to
harvest the mature, second generation forests. These
partial overstory removals may increase the importance of
red maple in the overstory of the next forest generation.
The ability of understory red maple to respond to minor
disturbances may give it a competitive advantage over new
regeneration. The growth strategies red maple uses to
attain overstory canopy positions were investigated on
mesic and dry sites, in two West Virginia Appalachian
hardwood stands. In both stands, red maple comprised a
small percentage of overstory basal area but was the most
abundant understory species. Stem analysis and increment
cores were used to determine disturbance history and to
examine height and diameter growth relationships among
species. The stands originated after a stand-replacing
disturbance around 1925. During stand initiation, red maple
invaded the sites for 10-15 years longer than most other
species, however, all of the codominant red maples
sampled were similar in age to other codominant species.
Even though stump sprouting is a typical regeneration
mechanism for red maple and other species in the region,

1

none of the sampled stems showed evidence of sprout
origin. Red maple may have been a better competitor on
the dry site because even though red maple grew faster on
the mesic site, the drier site had a higher percentage of
codominant red maples. Regardless of site, codominant
red maples had height growth rates similar to codominant
oaks (Quercus spp.) throughout stand development. The
height growth rates of codominant yellow-poplars
(Liriodendron tulipifera L.) were usually higher than other
species, especially during the first 20 years of
development. Only one sampled codominant maple
achieved codominance after being overtopped for 20 years
(Figure 1a). Stem analyzed understory maples showed
fluctuating height growth rates in response to small
disturbances in the overstory. Age did not appear to
decrease red maple’s ability to respond to canopy
disturbance. Three understory maples showed significant
height growth increases when they were 40-50 years old
(Figure 1c,e). Red maple’s shade tolerance, understory
abundance, and ability to respond to minor canopy
disturbances, suggests that partial harvesting increases the
likelihood that future stands could have a higher overstory
red maple component.
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Figure 1— Height growth trajectories for stem analysis plots. Crown class designations CD-codominant, INT-intermediate, OT-overtopped.
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EFFECTS OF HARVESTING ON SOIL NITROGEN (N) DYNAMICS
IN A N-SATURATED HARDWOOD FOREST

Frank S. Gilliam and Mary Beth Adams 1

Abstract— Recent evidence suggests that soils of some central Appalachian hardwood forests have become nitrogen (N)
saturated, a condition that develops when availability of soil N exceeds demand for N by plant roots and soil microbes.
Among many environmental concerns associated with N saturation are the following: (1) greatly altered N cycle seen as a
de-coupling of N dynamics from the high degree of biotic control that occurs in N-limited forest ecosystems and (2) greatly
enhanced nitrification and leaching of NO; along with calcium (Ca*™) and magnesium (Mg™) from the soil and into streams,
depleting base cation availability in the soil. Both of these have been demonstrated for hardwood forests of the Fernow
Experimental Forest (FEF), West Virginia. Because increases in rates of nitrification and loss of soil cations often are
associated with forest harvesting, it is important to determine whether the simultaneous effects of N saturation and
harvesting may accelerate ecosystem degradation. Accordingly, we established a plot-based study to examine the effects of
harvesting with and without addition of N and cations on soil N dynamics at FEF. Our treatments (each with four replicate
0.2-ha plots) were as follows: (1) Control (no treatment), (2) Harvest only (whole-tree harvesting [WTH] of entire plot), (3)
Harvest+N (WTH plus 36 kg N/halyr), and (4) Harvest+N+cations (WTH plus 36 kg N/ha/yr plus 22.4 and 11.9 kg/halyr
each of Ca and Mg, respectively). The cation addition treatment was done to simulate a mitigative treatment to replace loss
of base cations to leaching. As expected at this N-saturated site, even our control plots exhibited high rates of N
mineralization, mostly as net nitrification. However, these high rates were increased significantly by all harvest treatments.
The addition of N in combination with harvesting did not increase nitrification significantly. By contrast, the addition of
cations in combination with harvesting and N resulted in nitrification rates significantly higher than the other harvest
treatments. These results illustrate the increasing complexities and challenges facing management of hardwood forests in

the context of pollutant conditions.

INTRODUCTION

Deciduous forests of the eastern United States have
exhibited an extremely high degree of resilience to a
variety of historical perturbations and stresses. For
example, although most of these forests originated after
the heavy cutting and fires that occurred during the era of
railroad logging (1880-1930), present forests have
generally high species richness and productivity (Marquis
and Johnson 1989, Gilliam and others 1995). While overall
forest productivity remains reasonably high despite a
growing demand for wood, the question of sustainable
productivity, biodiversity, and health of forest ecosystems of
the eastern U.S. is one of increasing concern. Indeed,
recent data indicate that several eastern deciduous forest
species are experiencing higher-than-normal rates of
mortality (Twardus 1995). Despite on-going debate among
forest ecologists, foresters, and resource managers, the
observed mortality has been attributed to a variety of
factors, alone or in combination. Some of these are acidic
deposition, nutrient cation depletion, and excess nitrogen
deposition, all of which have the potential to decrease
survivorship of several forest species by weakening the
trees and increasing their vulnerability to other stresses,
including temperature and moisture extremes, disease, and
insects (Adams and Eagar 1992, Eagar and Adams 1992).

One of the primary hypothesized agents of observed
declines is base cation depletion of poorly buffered soils via

forest harvesting and atmospheric inputs of nitrogen and
sulfur (Eagar and Adams 1992, Gilliam and Richter 1991).
Although typical central Appalachian soils are not
considered infertile (Auchmoody 1972), recent concerns
about sustainability of central Appalachian forests have
been linked with soil fertility. Declines in nutrient cation
levels in sail, particularly calcium (Ca) and magnesium
(Mg), from intensive harvesting of forest products have
been documented in some parts of the United States
(Federer and others 1989, Mann and others 1988).
Because timber harvesting is expected to increase in this
region, and because the shift in forest utilization is toward
fiber and more intensive harvesting, cation export in forest
biomass could amount to a significant loss from some
forest sites.

Earlier research on the effects of acidic deposition on
forest systems indicated that the productivity of many soils
in the humid east could decline significantly within 50-70
years (Binkley and others 1989), the span of a typical
timber rotation for many stand types (Marquis and
Johnson 1989). The central Appalachian region receives
some of the highest inputs of acidic deposition in the
United States (Adams and others 1993, Gilliam and
Adams, 1996). The Clean Air Act contained provisions
primarily targeting sulfur (S) emissions, not N emissions.
Indeed, U.S. emissions of sulfur in 1990 were >25 percent
less than those in 1970, while emissions of N were 2
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percent higher in 1990 compared to 1970 (World
Resources Institute 1994). In short, pollutant emissions of
oxides of N are not expected to decline greatly in the near
future. Thus, considering the likelihood of several eastern
deciduous forests becoming N saturated in the future and
the increased demand on these forests for the production
of wood products, information on interactions between N
saturation and forest harvesting will be of great importance
for forest ecologists, forest and resource managers, and
policy makers. Research suggests strongly that some sites
have reached or are nearing N saturation (Stoddard 1994,
Gilliam and others 1996, Fenn and others 1998, Aber and
others 1998). Furthermore, studies of stream chemistry at
other eastern forest sites have shown that elevated N
additions resulted in elevated losses of N (as NO,) and
base cations, especially calcium (Ca) and magnesium
(Mg), suggesting a direct connection between N saturation
(N additions) and the leaching of nutrient cations (Kahl
and others 1993, Rustad and others 1993, Norton and
others 1994).

The effects of forest harvesting on ecosystem nutrient
cycling have been studied for many forest types and
harvesting practices. Indeed, much has been learned to
indicate that response of the biota (recovering vegetation)
is largely responsible for regulating nutrient change as the
forest recovers from the disturbance of the harvest regime
(Binkley 1986, Tritton and others 1987, Martin 1995,
Gilliam and Adams 1995, Johnson 1995). It also has been
learned, however, that there is great inter-site variability in
these responses, precluding broad generalizations across
forest ecosystems. Despite their great ecological and
economic importance, forests of the central Appalachian
region have not been studied extensively with respect to
nutrient responses to forest harvesting.

We know of no studies that have examined N saturation in
the context of commercial forest harvesting. Accordingly,
the purpose of this study was to examine the effects of
harvesting on N mineralization and nitrification in a N-
saturated forest. Harvesting was carried out alone and in
combination with additional treatments to simulate different
pollutant and mitigation scenarios. In addition, because
mineralization and nitrification rates are often found to be
directly related to soil temperature, the effect of harvesting
on the temperature of surface soils was examined in a sub-
set of sample plots. Finally, we will review current
knowledge on N dynamics at the Fernow Experimental
Forest as an example of a central Appalachian forest under
conditions of N saturation.

METHODS
Study Site

This study was done on the Fernow Experimental Forest
(FEF), Tucker County, West Virginia, a 1900-ha area of
montane hardwood forests within the unglaciated Allegheny
Plateau (39°03'N, 79°49'W). Prior to treatments, stands of
all sample plots were typical of mature forests of the region
(Gilliam and others 1995), dominated by sugar maple (Acer
saccharum Marsh.) and northern red oak (Quercus rubra
L.), with occasional large stems of black cherry (Prunus
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serotina Ehrh.) and yellow poplar (Liriodendron tulipifera L.).
Soils of the study site within FEF have been described in
great detail by Lusk (1998). In general, they are acidic (pH
4.1-4.7), shallow (30-40 cm to C horizon), and loamy in
texture (Lusk 1998), similar to characteristics of soils of
other watersheds of FEF (Gilliam and others 1994).

Field Design and Sampling

A single 4-ha mixed hardwood forest site was located on
uniform soil at FEF. Slopes were gentle with a southeast
aspect. Sixteen 0.2-ha plots, separated by 15 m buffer
areas, were located and treatment assignments made prior
to harvest. Twelve of the 16 plots were designated as
harvest plots; four plots remained unharvested as controls.
The treatments (each with four replicate plots) were as
follows: (1) Control (C, no treatment), (2) Harvest only (H,
whole-tree harvesting of entire plot), (3) Harvest+N (HN,
harvesting as in 2 plus 36 kg N/ha/yr), and (4)
Harvest+N+cations (HNC, as in 3 plus 22.4 and 11.9
kg/halyr each of Ca and Mg, respectively). The base cation
treatment was carried out by adding dolomitic limestone by
hand; rates were chosen to be twice the annual loss in
stream flow from the reference watershed (WS4) at FEF
(Adams and others 1997). All sampling and analyses were
carried out during a one-year pre-treatment period and, for
this paper, a one-year post-treatment period.

Available (extractable) N pools and rates of N mineralization
and nitrification were measured with in situ incubations
(buried bag technique of Eno 1960), based on the method
described by Gilliam and others (1996). Following removal
of forest floor material at a single sample point within each
subplot, mineral soil was sampled by hand trowel to a 5-cm
depth. Each sample was divided into two sub-samples and
placed in polyethylene bags, one bag buried in the mineral
soil at 5 cm for 728 d and the other brought back to the lab.
To minimize disturbance to the soil, samples were not
sieved, but pebbles, rocks, and larger roots were excluded
from sub-samples. All bags were refrigerated immediately in
the field (using icepacks within backpacks) and then stored
at 4 C prior to extraction. Sampling was carried out from
approximately the middle of May to the middle of
September for each of the 2 years.

Soil temperature was measured with HoboTemp (Onset
Corporation) thermister temperature probes. Temperature
was monitored continuously from 1 May to 30 November
by placing probes at a 10-cm depth in four locations in
each of two control and two harvest plots.

Laboratory and Data Analyses

Sub-samples of soil from paired sample bags were
extracted for determination of net N mineralization and
nitrification. Moist soils were extracted with 1N KCI at an
extract:soil ratio of 10:1 (v:w). Extracts were analyzed
colorimetrically for NH, and NO, with a Bran+Luebbe
TrAAcs 2000 automatic analysis system. Net N
mineralization was calculated as post-incubation (NH, and
NO,) minus pre-incubation (NH, and NO,); net nitrification
was calculated as post-incubation NO, minus pre-
incubation NO,.



To determine the relative amount of N mineralized that was
eventually nitrified, N mineralization rates were compared
to net nitrification rates using Pearson product-moment
correlation and linear regression. Monthly rates of N
mineralization and nitrification were averaged across all
sample times in each year for each plot, four plots per
treatment (i.e., N=4 for all means). Pre-treatment means
were compared among treatments using ANOVA, whereas
pre- versus post-treatment means were compared using t-
tests for each treatment separately (Zar 1994).

RESULTS

Response of Soil Temperature to Harvesting
Seasonal patterns of soil temperature were similar among
all four plots in which temperature was measured during
the pre-treatment (pre-harvest) period (data not shown).
Harvesting greatly increased maximum daily temperature
of surface soil, especially from early June to mid October
(fig. 1). Seasonal patterns of maximum soil temperature
were highly similar between the two plots within each
treatment type (harvest or control).

Response of Soil N to Harvesting and

Additional Treatments
There was a highly significant correlation (P<0.01) between
N mineralization and nitrification during the pre-treatment

Soil Temperature at (0 cm Depth (L)
=
- ¥

I

period (r = 0.93) (fig. 2). This was also highly significant for
the post-treatment period (r = 0.95) (fig. 3).

Analysis of variance revealed no significant differences
(P<0.05) among treatments during the pre-treatment period
for net N mineralization (fig. 4). T-tests showed no
differences in net N mineralization in pre- versus post-
treatment periods for control (C) plots. However, net N
mineralization was significantly higher (P<0.05) in post-
treatment than pre-treatment plots for all harvest
treatments, particularly for the HNC treatment.

The pattern for net nitrification was similar to that for
mineralization. There were no significant differences
(P<0.05) among treatments during the pre-treatment
period, but there were significant differences between pre-
and post-treatment means for most of the harvest
treatments (fig. 5). Post-treatment nitrification rates were
slightly (by about 25 percent), but significantly (P<0.10)
higher in C plots. Net nitrification increased 2- to 2.5-fold
from pre- to post-treatment periods on all harvest plots.
This was significant (P<0.10) for all harvest treatments,
except HN plots (fig. 5).

DISCUSSION

Although not always measured, soil temperature is assumed
to increase following whole-tree harvesting. Because activity
of nitrifiers is usually highly temperature-dependent,
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Figure 1—Soil temperature in two control and two harvest plots at Fernow Experimental Forest, WV. Data are daily maximum

temperatures monitored continuously at a 10-cm depth.
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significant differences among pre-treatment means. Pre- versus post-treatment differences were significant (P<0.05) for all

harvest plots, but not for control plots.

however, it was important in this study to quantify harvest-
mediated changes in soil temperature. Our data confirm that
post-harvest increases in soil temperature can be prolonged
and substantial (fig. 1). These increases likely arose from
changes in the relationship between soil heat flux (S) and
net radiation (Rn)(Rosenberg and others 1983). Idso and
others (1975) showed that S (increases of which lead to
increases in soil temperature) is highly positively correlated
to Rn under a variety of soil conditions. The removal of the
tree canopy during harvesting decreases interception of
solar radiation and increases Rn, which increases S and
results in the increased soil temperatures seen in fig. 1.
These patterns have important implications for N dynamics
and their responses to harvesting.

Not only was net nitrification highly correlated to net N
mineralization, nitrification was also an extremely high
proportion of N mineralization in both the pre- and post-
treatment periods, regardless of treatment (figs. 2 and 3).
Linear regressions of each of the sample periods closely
approximated the theoretical 1:1 line that indicates a
condition wherein nitrification is 100 percent of
mineralization. These high rates of nitrification (relative to
mineralization) are indicative of N saturation (Aber 1992),

supporting findings and conclusions of Gilliam and others
(1996) for three watersheds of FEF. This was especially the
case during the post-treatment period for the harvest plots,
suggesting that harvesting may enhance the relative
predominance of nitrification in the N dynamics of N-
saturated soils.

Patterns of soil temperature (fig. 1) combined with the
relationships shown in figs. 2 and 3 are helpful in
interpreting pre- versus post-treatment comparisons for N
mineralization and nitrification rates (figs. 4 and 5).
Koopmans and others (1995) have shown that increases in
temperature greatly enhance N mineralization in N-
saturated soils in Europe. Thus, the substantial increases
in soil temperature caused by harvesting in our study,
especially from early June to around mid September,
caused significant increases in N mineralization in the soil.
Furthermore, virtually all this enhancement was related to
increases in nitrification, i.e., temperature-mediated
increases in the activity of nitrifying bacteria.

Data from our study show also that there may be further
increases in N mineralization/nitrification ratios under
simulated conditions of additional N inputs and additions of
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Figure 5—Net nitrification for pre- and post-treatment periods for control and harvest treatment plots at Fernow Experimental
Forest, WV. Data are means plus and minus one standard error of the mean. Analysis of variance revealed no significant
differences among pre-treatment means. Pre- versus post-treatment differences were significant for control plots at P<0.10 and
for harvest and harvest+N+cations at P<0.05; difference for harvest+N plots was not statistically significant.

base cation designed to mitigate cation loss. Although
differences were not significant among harvest treatments,
there was a pattern of increases in N mineralization and
nitrification related to N additions, and even greater
increases with additions of base cations. This latter pattern
suggests that mineralization and nitrification might be more
pH limited than previously thought (Gilliam and others
1994, 1996). Future work at our site will test this
hypothesis. Certainly, it suggests that managing central
hardwood forests in a sustainable manner in the context of
N saturation represents a complex challenge.

Implications for N Saturation in Central

Hardwood Forests

Existing data from FEF strongly suggest a threat of base
cation depletion and its relationship to N saturation in
central Appalachian forests (Adams and others 1997,
Gilliam and others 1996). Indeed, much evidence exists to
suggest that soils at FEF already have become N
saturated. For example, Gilliam and others (1996) found
equally high rates of N mineralization based on one year’s
data from one N-treated (at rates identical to those in this
study) and two untreated watersheds. Furthermore, nearly
100 percent of N mineralized was nitrified. On-going data
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from this study suggest a pattern of increasing rates
through time for all three watersheds, regardless of
treatment. Furthermore, available pools of N (extractable
NH, and NO,) were significantly higher on the treatment
watersheds, suggesting that further additions of N to the
treatment watershed are no longer resulting in increased
uptake by plants or immobilization by microbes (Vitousek
and Matson 1985).

Stoddard (1994) concluded that Watershed 4 (WS4—
mature, second-growth forest) at FEF was one of the better
examples of watersheds in the eastern United States which
are at the later stages of N saturation. It is notable that
WS4 supports a mature, mixed-age, second-growth
hardwood stand and serves as the long-term control
watershed at FEF, receiving no experimental treatments
and, thus, it may be considered typical of many second-
growth forests of the region (Gilliam and others 1996.

Using long-term (1971-1987) stream chemistry data from
WS4 at FEF Edwards and Helvey (1991) found patterns of
significant increases in specific conductivity with time.
Using correlation analysis they concluded that most of this
increase was related to increases in stream NO,. Based on



data from WS4 for an even longer time period (1969-1991),
Peterjohn and others (1996) concluded that the patterns
found by Edwards and Helvey (1991) were part of a larger
scenario indicating N saturation for FEF.

The relative sensitivity of forest soils to accelerated cation
leaching, pH depression, aluminum mobilization, and
mineral weathering is largely unknown (Cronan and others
1990). Forest soils of the central Appalachians range from
very resistant to very sensitive to such changes. Based on
criteria established by Turner and others (1986), sensitive
soils are those with combinations of low cation exchange
capacity (CEC), intermediate base saturation, low pH, low
levels of bases released via weathering, low sulfate
adsorption capacities, and shallow soils. Given that a large
percentage of soils in the Appalachian region falls within
these criteria, data from this study strongly suggest that
expected increases in timber harvesting, continued high
levels of N deposition in the region, base cation depletion,
and complications from N saturation all represent major
threats to sustainability of central Appalachian forest
ecosystems.

REFERENCES

Aber, J.D. 1992. Nitrogen cycling and nitrogen saturation in
temperate forest ecosystems. Trends In Ecology And Evolution.
7:220-223.

Aber, J.D.; McDowell, W.; Nadelhoffer, K. [and others]. 1998.
Nitrogen saturation in temperate forest ecosystems:
hypotheses revisited. BioScience. 48: 921-934.

Adams, M.B.; Angradi, T.R.; Kochenderfer, J.N.  1997. Stream
water and soil solution responses to 5 years of nitrogen and
sulfur additions at the Fernow Experimental Forest, West
Virginia. Forest Ecology and Management. 95: 79-91.

Adams, M.B.; Eagar, C. 1992. Impacts of acidic deposition on
high-elevation spruce-fir forests: Results from the Spruce-Fir
Cooperative. Forest Ecology and Management. 51: 195-205.

Adams, M.B.; Edwards, P.J.; Wood, F.; Kochenderfer, J.N.
1993. Artificial watershed acidification on the Fernow
Experimental Forest. Journal of Hydrology. 150: 505-519.

Auchmoody, L.R. 1972. Nutrient properties of five West Virginia
forest soils. Res. Note NE-145. Upper Darby, PA: U.S.
Department of Agriculture, Forest Service, Northeastern Forest
Experiment Station.

Binkley, D. 1986. Forest nutrition management. New York: John
Wiley.

Binkley, D.; Driscoll, C.T.; Allen, H.L. [and others]. 1989. Acidic
deposition and forest soils. New York: Springer-Verlag.

Cronan, C.S.; Driscoll, C.T.; Newton, R.M. [and others]. 1990. A
comparative analysis of aluminum biogeochemistry in a
northeastern and a southeastern forested watershed. Water
Resources Research. 26: 1413-1430.

Eagar, C.; Adams, M.B. 1992. Ecology and decline of red spruce
in the Eastern United States. New York: Springer-Verlag.

Edwards, P.J.; Helvey, J.D. 1991. Long-term ionic increases from
a central Appalachian forested watershed. Journal of
Environmental Quality. 20: 250-255.

Eno, C.F. 1960. Nitrate production in the field by incubating the
soil in polyethylene bags. Soil Science Society of America
Proceedings. 24: 277-279.

Federer, C.A.; Hornbeck, J.W.; Tritton, L.M. [and others]. 1989.
Long-term depletion of calcium and other nutrients in Eastern
U.S. forests. Environmental Management. 13: 593-601.

Fenn, M.E.; Poth, M.A.; Aber, J.D. [and others].  1998. Nitrogen
excess in North American ecosystems: predisposing factors,
ecosystem responses, and management strategies. Ecological
Applications. 8: 706-733.

Gilliam, F.S.; Adams, M.B. 1995. Plant and soil nutrients in young
versus mature central Appalachian hardwood stands. In:
Gottschalk, K.W.; Fosbroke, S.L.C., eds. Proceedings, 10th
central hardwood forest conference; 1995 March 5-8;
Morgantown, WV. Gen. Tech. Rep. NE-197. U.S. Department of
Agriculture, Forest Service: 109-118.

Gilliam, F.S.; Adams, M.B. 1996. Wetfall deposition and
precipitation chemistry for a central Appalachian forest. Journal
of the Air and Waste Management Association. 46: 978-984.

Gilliam, F.S.; Adams, M.B.; Yurish, B.M.  1996. Ecosystem
nutrient responses to chronic nitrogen inputs at Fernow
Experimental Forest, West Virginia. Canadian Journal of Forest
Research. 26: 196-205.

Gilliam, F.S.; Richter, D.D. 1991. Transport of metal cations
through a nutrient-poor forest ecosystem. Water, Air, and Soil
Pollution. 57-58: 279-287.

Gilliam, F.S.; Turrill, N.L.; Adams, M.B.  1995. Species
composition and patterns of diversity in herbaceous layer and
woody overstory of clearcut versus mature central Appalachian
hardwood forests. Ecological Applications. 5: 947-955.

Gilliam, F.S.; Turrill, N.L.; Aulick, S.D. [and others]. 1994.
Herbaceous layer and soil response to experimental
acidification in a central Appalachian hardwood forest. Journal
of Environmental Quality. 23: 835-844.

ldso, S.B.; Aase, J.K.; Jackson, R.D. 1975. Net radiation-soil
heat flux relations as influenced by soil water content
variations. Boundary-Layer Meteorology. 9: 113-122.

Johnson, C.E. 1995. Soil nitrogen status 8 years after whole-tree
clear-cutting. Canadian Journal of Forest Research. 25: 1346-
1355.

Kahl, J.S.; Norton, S.A.; Fernandez, 1.J. [and others]. 1993.
Experimental inducement of nitrogen saturation at the
watershed scale. Environmental Science and Technology. 27:
565-568.

Koopmans, C.J.; Lubrecht, W.C.; Tietema, A.  1995. Nitrogen
transformations in two nitrogen saturated forest ecosystems
subjected to an experimental decrease in nitrogen deposition.
Plant and Soil. 175: 205-218.

Lusk, M.G. 1998. Sulfate dynamics and base cation release in a
high elevation Appalachian forest soil. Blacksburg, VA: The
Virginia Polytechnic Institute and State University. 204 p. M.S.
thesis.

Mann, L.K.; Johnson, D.W.; West, D.C. [and others]. =~ 1988.
Effects of whole-tree and stem-only clearcutting on post-
harvest hydrologic losses, nutrient capital and regrowth. Forest
Science. 34: 412-428.

Marquis, D.A.; Johnson, R.L.  1989. Silviculture of eastern
hardwoods. In: Burns, R.M., comp. The scientific basis for
silvicultural and management decisions in the National Forest
System. Gen. Tech. Rep. WO-55. U.S. Department of
Agriculture, Forest Service: 9-17.

35



Martin, C.W. 1995. Development of a central hardwood stand
following whole-tree clearcutting in Connecticut. In: Gottschalk,
K.W.; Fosbroke, S.L.C., eds. Proceedings, 10th central
hardwood forest conference; 1995 March 5-8; Morgantown,
WV. Gen. Tech. Rep. NE-197. U.S. Department of Agriculture,
Forest Service: 37-46.

Norton, S.A.; Kahl, J.S.; Fernandez, 1.J. [and others]. 1994.
Response of the West Bear Brook Watershed, Maine, USA, to
the addition of (NH,),SO,: 3-yr results. Forest Ecology and
Management. 68: 61-73.

Peterjohn, W.T.; Adams, M.B.; Gilliam, F.S.  1996. Symptoms of
nitrogen saturation in two central Appalachian hardwood forest
ecosystems. Biogeochemistry. 35: 507-522.

Rosenberg, N.J.; Blad, B.L.; Verma, S.B.  1983. Microclimate: the
biological environment. New York: John Wiley.

Rustad, L.E.; Fernandez, I.J.; Fuller, R.D. [and others]. 1993.
Soil solution response to acidic deposition in a northern
hardwood forest. Agriculture, Ecosystems and Environment.
47:117-134.

Stoddard, J.L. 1994. Long-term changes in watershed retention of
nitrogen: its causes and aquatic consequences. In: Baker, L.A,,
ed. Environmental chemistry of lakes and reservoirs: ACS
Advances in Chemistry Series 237. Washington, DC: American
Chemical Society.

36

Tritton, L.M.; Martin, C.W.; Hornbeck, J.W.; Pierce, R.S. 1987.
Biomass and nutrient removals from commercial thinning and
whole-tree clearcutting of central hardwoods. Environmental
Management. 11: 659-666.

Turner, R.S.; Olson, R.J.; Brandt, C.C. 1986. Areas having soil
characteristics that may indicate sensitivity to acidic deposition
under alternative forest damage hypotheses. Oak Ridge
National Laboratory ORNL/TM-9917.

Twardus, D.B. 1995. Forest health assessment for eastern
hardwood forests. In: Gottschalk, K.W.; Fosbroke, S.L.C., eds.
Proceedings, 10th central hardwood forest conference; 1995
March 5-8; Morgantown, WV. Gen. Tech. Rep. NE-197. U.S.
Department of Agriculture, Forest Service: 3-10.

Vitousek, P.M.; Matson, P.A. 1985. Disturbance, nitrogen
availability, and nitrogen losses in an intensively managed
loblolly pine plantation. Ecology. 66: 1360-1376.

World Resources Institute.  1994. World resources 1994-95. New
York: Oxford University Press.

Zar, J.H. 1994. Biostatistical analysis, 3rd ed. Englewood Cliffs,
NJ: Prentice-Hall.



N DYNAMICS ACROSS A CHRONOSEQUENCE OF UPLAND OAK-HICKORY FORESTS

T.W. Idol, P.E. Pope and F. Ponder, Jr. 1!

Changes in soil physical, chemical, and biological Table 1—N cycling in a chronosequence of hardwood
properties due to harvesting practices may have a forests
significant impact upon N availability and cycling, thus

future stand productivity and composition. Our study was

designed to assess monthly rates of N min, nitrification, Stand age N mineralization Nitrification N uptake

and N uptake by forest vegetation during the growing

season. We selected five oak-hickory stands in Dubois ~ smmmmmeemeooeee- g N/hectare/day-----------------

County, Indiana for this study. We installed and collected

PVC cores on a monthly basis from April to December. 1 87.46 60.45 154.98

Soils were then analyzed for ammonium and nitrate. 6 182.95 64.08 196.20
12 161.46 56.37 212.81

Results show that seasonal N cycling rates are variable in 31 186.18 93.96 246.34

all stands (figure 1). On an annual basis, the mature stand 80-100 392.01 115.57 357.38

showed the highest rates of N min and N uptake and the

lowest percentage of mineralized N converted to nitrate
(29 percent) (table 1). The youngest stand had the lowest
N min rate and the highest percentage of mineralized N
converted to nitrate (77 percent). It was the only stand in
which N min rates were appreciably lower than N uptake
rates. The soil core method underestimates true N min
rates within this stand because N min from logging slash is
not reflected in the cores. For the other stands, there
appears to be a tight internal cycling of N, preventing
leaching losses.

! Graduate Research Assistant and Professor, respectively, Dept. of Forestry & Natural Resources, Purdue University, West Lafayette, IN
47907-1159; and Supervisory Research Soil Scientist, USDA Forest Service, North Central Forest Experiment Station, Jefferson City, MO
65102-0029.
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SOIL NUTRIENT AND MICROBIAL RESPONSE TO PRESCRIBED FIRE
IN AN OAK-PINE ECOSYSTEM IN EASTERN KENTUCKY

Beth A. Blankenship and Mary A. Arthur !

Abstract— On the Cumberland Plateau, periodic fire may be necessary to maintain oak-dominated stands on xeric ridgetops.
However, thin organic horizons and nutrient poor soils may limit the beneficial effects of fire by further reducing nutrient pools.
The USDA Forest Service has reintroduced fire to oak-pine ridgetops in the Daniel Boone National Forest in the form of
single, late winter prescribed burns. Objectives of this study were to document effects of single prescribed fires conducted in
March 1995 and March 1996 on soil nutrients and microbial biomass. In 1996, forest floor mass was determined before and
after fire. In 1995 and 1996, total and available nitrogen, total carbon, pH, extractable cations, and microbial biomass were
measured pre-burn and throughout the year after burning on burned and unburned sites. Thirty-two percent of the litter layer
(Oi) was combusted in 1996, while no loss of the Oe and Oa horizons was found. A transitory increase in available nitrogen
was detected in burned mineral soils. Increases in pH by 0.2-0.3 units were measured in the burned organic horizons. Lower
concentrations of extractable cations were measured in burned soils than in unburned soils. Fire had a positive effect on
active bacterial biomass, but no effect on fungal biomass. Our study suggests that single, late winter prescribed fire had
minimal effects on belowground resources in these ridgetop ecosystems. Since repeated burning might be necessary to

promote oak regeneration, future research must address the effects of repeated burning on soil resources.

INTRODUCTION

Fire has played an integral role in maintaining oak-pine
forest communities in the southern Appalachians for as long
as 3000 years BP (Delcourt and Delcourt 1997). Aboriginal
use of fire was common and settlers of European descent
continued fire use in the area; however, as forest use
altered, fire regimes changed (Pyne 1982, Pyne and others
1996). This resulted in shifting forest composition, most
noticeably as an increasing dominance of red maple (Acer
rubrum L.) and decreasing regeneration of oak species
(Quercus sp.) (Arends and McCormick 1987, Lorimer 1993).
Ecologists and managers are increasingly promoting the
use of fire to address problems of oak decline and
flourishing fire-sensitive competitors like red maple.

In the Daniel Boone National Forest (DBNF) in eastern
Kentucky, active fire suppression since the 1940s has
successfully excluded fire on most oak-pine ridgetops
(Martin 1989). Increasing regeneration of white pine (Pinus
strobus L.) has been documented and ascribed to fire
suppression (Wehner 1991), while charcoal and pollen
analyses have demonstrated a growing presence of red
maple and blackgum (Nyssa sylvatica Marshall) over the
past 100 years (Delcourt and Delcourt 1997). Because of
such changes in forest composition, the USDA Forest
Service on the Stanton Ranger District has begun
conducting late winter prescribed fires to restore fire to
these ridgetop ecosystems (Richardson 1995). We have
documented the effectiveness of late winter prescribed fire
in reducing competition by fire-sensitive competitors (Arthur
and others 1998, Blankenship [In Press]), and studies from
other areas have recommended prescribed fire to improve
oak regeneration (Barnes and Van Lear 1998, Brose and
Van Lear 1998, Nyland and others 1983, Thor and Nichols
1974, Van Lear and Waldrop 1989).

Complicating the use of prescribed fire in eastern
Kentucky is the problem of accidental and incendiary fires
burning large acreage during the spring and fall seasons
each year (Environmental Quality Commission 1992).
Consequently, the use of prescribed fire on public lands is
perceived by some to send a misleading message about
fire to the general public. Because of thin organic soil
horizons and low soil nutrient concentrations on ridgetops
in the Red River Gorge, fire potentially could, if too hot,
contribute to a loss of nutrients already in low supply. The
effects of fire on soil microbial biomass may also be
important because of the role fungi and bacteria play in
mediating nutrient mineralization and availability. An
improved understanding of the soil nutrient and biological
response, as well as the plant community response, to
prescribed fire is necessary to elucidate the ecological
differences between the effects of prescribed fire and the
potentially hotter and more frequent incendiary fires. This
type of information is essential to the public debate
regarding the role of prescribed fire in the management of
public forestlands.

The objectives of this study were to document effects of a
single, late-winter prescribed fire on soil nutrients and
microbial biomass as a first step in addressing impacts of
different fire regimes in these ridgetop ecosystems.
Despite the plethora of studies regarding effects of fire on
soil nutrients and microorganisms in forests throughout
the United States and elsewhere, few studies have
examined effects of burning on soil resources in oak-pine
forests in the southern Appalachians (Clinton and others
1996, Vose and others [In Press], Vose and Swank 1993)
and none on the Cumberland Plateau in eastern
Kentucky.

1 Graduate Student and Assistant Professor, respectively, Department of Forestry, University of Kentucky, Lexington, KY 40546-0073.
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METHODS

Site Description

Permanent study plots are located on three noncontiguous
ridgetops in the Stanton Ranger District of the DBNF in the
Red River Gorge Geological Area. The Red River Gorge is
located in the Cliff Section of the Cumberland Plateau
(Braun 1950). The geological substrate is composed of
shales and siltstones of the Upper and Lower members of
the Breathitt Formation and the Corbin Sandstone of the
Lee Formation (Weir and Richards 1974). The ridgetops,
Pinch-Em-Tight Ridge, Whittleton Ridge and Klaber Ridge,
are located in Powell, Wolfe and Menifee counties of
eastern Kentucky. Study plots are located in stands mostly
dominated by scarlet oak (Q. coccinea Muenchh.) and
chestnut oak (Q. prinus L.), with some white (Q. alba L.)
and black oak (Q. velutina Lam.). Pines (P. rigida Mill., P,
virginiana Mill., and P. echinata Mill.) dominate the most
xeric areas. Red maple is abundant in mid- to overstory
positions. Sourwood (Oxydendrum arboreum (L.)DC),
blackgum and dogwood (Cornus florida L.) are found in the
understory. Eastern white pine seedlings and saplings are
plentiful and a few large white pines occur in the overstory.
Heath shrubs such as mountain laurel (Kalmia latifolia L.)
and blueberry (Vaccinium spp.) are common throughout.

Soils at Whittleton Ridge are composed of Gilpin silt loam,
a moderately deep, well drained soil with a lower subsoil of
silty clay loam of the subgroup Typic Hapludult (Hayes
1993). Soils at Klaber Ridge are similar and classified as
Latham-Shelocta silt loam, moderately deep, moderately
well drained, slowly permeable clayey soils and of the
subgroups Typic and Aquic Hapludults (Avers and others
1974). Soils at Pinch-Em-Tight are of Alticrest-Ramsey-
Rock outcrop complex, moderately deep and shallow, well
drained with surface layer and subsoil of sandy loam, and
are Typic and Lithic Dystrochrepts (Hayes 1993, SCS
1975). The region has a temperate, humid and continental
climate with an evenly distributed average annual
precipitation of about 113 centimeters. Mean daily
maximum and minimum temperatures in January are 6°C
and —6°C, and in July are 30°C and 17°C. Mean annual
temperature is 12°C (Hill 1976).

Experimental Design

Each ridge (Klaber, Pinch-Em-Tight and Whittleton) was
divided into three areas: no burning, burned in March 1995,
and burned in March 1996. This yielded two treatments
(burned and unburned) per year of study (1995 and 1996).
Study plots were located at random, with the condition that
any location within 15 meters of the slope break, a trail, or
any human disturbance was rejected. We installed eight
0.04 hectare plots per treatment except at Pinch-Em-Tight
Ridge. That site is topographically narrow and traversed
with trails and campsites, and we could fit only 6 plots per
treatment. The 1995 burn treatment on Pinch-Em-Tight
was especially narrow and these plots were laid out
systematically in a line, 30 meters apart along the top of
the ridge. Centers of all plots were permanently marked,
and two trees in each plot were tagged and located
(azimuth and distance to plot center) for future reference.
While plots were located at random within each treatment
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area, treatments were applied nonrandomly to treatment
areas because of the necessity of burning a contiguous
finger ridge not in contact with privately owned land.

Fire Prescription

USDA Forest Service personnel of the Stanton Ranger
District conducted the 1995 and 1996 prescribed fires. The
fires were ignited with drip torch by firing line from the
highest point and ridges first. From the ridges, strips were
pulled downslope into the wind. If backing and flanking fires
were not of sufficient intensity (>0.3 m flamelength), point-
source and strip firing were used to increase intensity to
acceptable levels (Richardson 1995). Wind speeds during
the 1995 fires were from 0 to 3.2 km/h, and in 1996 were
around 1.6-4.8 km/h. Flame heights for all burns were 0.3-
0.9 meters (Richardson 1995, Richardson 1996). In 1996,
the prescribed burning planned for Whittleton Ridge could
not be conducted due to unsuitable wind direction that
would have allowed smoke to blow over an adjacent
highway.

Temperatures of prescribed fires were measured using 6
different Tempilac® temperature-sensitive paints chosen to
represent a temperature range of 93°C to 576°C (Cole and
others 1992). A stripe of each paint was applied on
aluminum tags and vertically down strips of mica. The
aluminum tags were stapled to stakes at heights of 15, 45
and 75 centimeters. The stakes and the mica sheets were
placed at 4 meters from each plot center on north, south,
east, and west bearings. The mica sheets were inserted
into the ground to a depth of 9 centimeters below the litter
surface.

Forest Floor Sampling

Forest floor was collected on all sites in February 1996
prior to burning, and in May 1996 following prescribed
burning. One 27.5 x 27.5 centimeter sample was collected
along three randomly selected azimuths in each plot (3
samples per plot, mean of the three used for analysis).
Litter (Oi) was separated from the Oe and Oa horizons in
the field and measured separately.

Soil Sampling

Soil samples for nutrient and microbial biomass analyses
were taken within a 0.04 hectare plot by sampling along
two randomly selected 11 meter radii originating at the
center point of each permanently marked plot. Soil samples
were stored at 4°C until processed. Nutrients (C, Ca, K,
Mg, N, and P) were analyzed on soil samples from a
composite of two 4.0 centimeter cores taken at 6.0 meters
along each radius. The organic horizon (Oea) was
separated from the mineral horizon in the field with mineral
soils sampled to a depth of 5 centimeters. Samples for
nutrient analyses were taken within 30 days pre-burn, after
the first rainfall post-burn (1 week post-burn in 1995 and 2
weeks post-burn 1996), and in September.

For microbial biomass, two soil cores of 2.0 centimeter
diameter were taken at 1.5 meter intervals along each
radius beginning at 3.0 meters from the center for a total of
24 cores collected at 12 sampling points. Mineral soils
were sampled to a depth of 5 centimeters. Organic and



mineral horizons were separated and soil cores composited
into a single sample for analysis from each plot. Microbial
biomass samples were collected more frequently than
nutrient samples because of the expectation of an
immediate (1 day) response to fire as well as an
attenuation of the effect with time. In 1995, samples for
microbial biomass were collected within 30 days pre-burn,
the day after the burn, 1 week post-burn (followed first
rainfall post-burn), and every 4 weeks until July, then every
6 weeks thereafter through November. Sampling frequency
was reduced after July 1995 following examination of
results from earlier in 1995. In 1996, after sampling 2
weeks post-burn (following first rainfall post-burn), microbial
biomass samples were collected post-burn only every 6
weeks through September 1996.

Available nitrogen (ammonium- and nitrate-nitrogen) was
measured on mineral soil samples collected for microbial
biomass estimates. In 1995 no pre-burn measurements of
available nitrogen were made; both pre- and post-burn
measurements of available nitrogen were made in 1996.

Laboratory Analysis

Forest floor samples were oven-dried at 60°C and then
weighed. Mehlich lll-extractable P, Ca, Mg, and K were
determined with the Mehlich IIl reagent method (Tran and
Simard 1993), and analysis by an inductive coupled
plasma spectrophotometer. Organic horizon pH was
measured in a 1:10 soil:CaCl, mixture, and a subset of
these measured in a 1:2 soil:water mixture. Statistical
analysis was conducted on the organic pH values from the
CaCl, method. The mineral soil pH was measured in a 1:2
soil:water mixture (Hendershot and Lalande 1993). Total C
and N were analyzed using a Leco C/N analyzer.
Determination of ammonium- and nitrate-nitrogen in the
mineral soil was made using a Technicon Il auto-analyzer
following KCI extraction (Maynard and Kalra 1993).

Active and total fungal and bacterial biomass were
calculated from direct counts of hyphal length (fungi) and
number of organisms (bacteria) using direct count
epifluorescent microscopy (Ingham and Klein 1984, Ingham
and others 1991, Lodge and Ingham 1991). Fluorescein
diacetate was used to stain metabolically active fungi and

bacteria; total fungal hyphae (metabolically active and
inactive) were counted using direct light source. Direct
counts of fungi and bacteria were carried out within one
week of sample collection. Based upon the assumption that
hyphal tissue density averages 410 mg cm™ and bacterial
tissue density averages 330 mg cm™ (Ingham and others
1991), and using estimates of hyphal and bacterial
diameters, active fungal and bacterial biomass were
calculated from the volume of fungi or bacteria in 1 gram of
dry forest floor.

Statistical Analysis

We analyzed the data in two ways: (1) by comparing pre-
burn to post-burn within each treatment (burned or
unburned) using a t-test, and (2) by comparing the burned
treatment to the unburned by analysis of variance. A
covariate analysis using pre-burn parameters as the
covariate was used for the nutrient data to compare burned
to unburned. Statistical analysis of pH was performed on
[H*] and results were converted to pH values for
presentation. On microbial biomass and available nitrogen,
Levene’s (1960) homogeneity of variance test revealed that
often group variances within a treatment were significantly
different, so the Welch ANOVA for means was used (Brown
and Forsyth 1974, Welch 1951).

Initially, the three ridgetops were selected as replicates
for treatment for each year with treatment area as the
experimental unit (n=6; 3 burned and 3 not burned), but in
1996 one ridgetop was not burned as planned, so
analysis of the 1996 data had only 2 replicates (n=4; 2
burned, 2 not burned). As the study progressed we
became aware of inherent site differences. Therefore,
statistical analyses were also conducted on a pseudo-
replicated design (Hurlburt 1984) using the 8 (or 6) plots
per treatment area as the experimental unit with ridge as
block and significance determined at p<0.10 (Table 1). If
these analyses revealed significant site-by-treatment
interactions in addition to significant treatment effects,
subsequent analyses were conducted on reduced models
comparing the burned treatment to the unburned
reference at each ridgetop location (Klaber and
Whittleton: n=16; Pinch-Em-Tight: n=12). All statistical

Table 1—Experimental design for study of prescribed burns conducted in March 1995 and March 1996 in the Daniel Boone

National Forest, Kentucky

1995 1996
Ridge/block? Plots Treatments Ridge/block Plots Treatments
Klaber Ridge 8 Burned/unburned Klaber Ridge 8 Burned/unburned
Pinch-Em-Tight Ridge 6 Burned/unburned Pinch-Em-Tight Ridge 6 Burned/unburned
Whittleton Ridge 8 Burned/unburned
Total: 3 22 2 2 14 2

2 Experimental unit was the ridge (n=3 in 1995, n=2 in 1996) or the plot with ridge as block (n=22 in 1995, n=14 in 1996).
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tests were conducted with the JMP® statistical package
(SAS Institute 1995).

RESULTS

Pre-Burn Soil Chemistry

Thin, acidic, nutrient-poor organic horizons characterized
these ridges prior to burning. Organic horizons (Oea)
ranged from <1 to 4-5 centimeters in thickness with a mean
pH of 3.70. Total nitrogen averaged 0.66 percent and total
carbon 54 percent. Mineral soil pH was slightly higher at
4.24, with total nitrogen averaging 0.14 percent and carbon
4.9 percent.

Fire Temperatures

Surface temperatures ranged from 316°C to 398°C in 1995
and from 204°C to 315°C in 1996. Temperatures within the
Oea horizons at 0.5 centimeters below the surface ranged
from 204-315°C in 1995 and from 93-203°C in 1996.

Forest Floor Mass

Pre-burn forest floor mass averaged 98.9 grams/meter? for
the Oi layer and 184 grams/meter? for Oea layers. The
prescribed fires of 1996 combusted an average of 32
percent of the litter layer (Oi) without combusting the
underlying Oe and Oa layers. The decrease in Oi because
of the fires was highly significant (p<0.01). Forest floor
mass measurements were not made in 1995.

Soil Nitrogen

The inorganic nitrogen in the mineral soils primarily took
the form of NH,-N. Little, if any, NO,-N was measured. In
1995, available nitrogen concentration was significantly
higher in the burned treatments than in the unburned
treatments 1 day after the burns on Klaber Ridge (12.5 vs.
1.89 ug/g dry wt soil; p<0.05) and Whittleton Ridge (8.43
vs. 4.89 ug/g dry wt soil; p<0.10), but not on Pinch-Em-
Tight Ridge (Table 2). One week later there were no
significant differences.

In 1996, available nitrogen concentration declined from the
pre-burn sampling to the post-burn sampling dates,
significantly so in the unburned areas (3.23 to 1.25 ug/g
dry wt soil; p<0.0001), but not significantly in the burned
treatments based on the pre- vs. post-burn t-tests. Two
weeks later, available nitrogen concentrations were
significantly lower in the burned treatments (1.28 pg/g dry
wt soil) than in the unburned (2.43 pg/g dry wt soil; p<0.10)
using covariate analysis. In September 1996, total nitrogen
in the mineral horizon was significantly lower in the burned
treatments (0.09 pct. vs. 0.15 pct; p<0.01). No consistent
effect of fire on total carbon was found.

pH

O horizon pH was significantly higher in the 1995 burned
treatments one week post-burn (p<0.05) and in September
1995 (p<0.10), but there were significant site by treatment
interactions (p<0.05). Analysis on the reduced models

Table 2—Mean available N (NH,-N + NO,-N; pg/g dry wt soil) in mineral horizon of burned and
unburned treatments on Klaber, Whittleton, and Pinch-Em-Tight Ridges, Daniel Boone National
Forest, Kentucky, following 1995 prescribed fires and prior to and following 1996 prescribed fires

Klaber Whittleton Pinch-Em-Tight
Date Burned Unburned Burned Unburned Burned Unburned
1 day post-burn 1995 12.52 1.89 8.43?2 4.89 3.59 4.17
(3.1)¢ (0.66) @.7) (0.92) (0.99) (2.0)
1 wk post-burn 1995 3.72 3.37 4.90 4.86 4.14 3.46
(0.44) (0.22) (0.39) (0.14) (0.57) (0.13)

Pre-burn 1996 1.95 2.37
(0.38) (0.14)

1 day post-burn 1996° 1.60 1.24
(0.62) (0.23)

2 wk post-burn 1996 1.49°¢ 3.01
(0.57) (0.48)

2.79 4.10
(0.16)  (0.43)

2.21 1.26
(0.11) (0.13)

1.40c 1.64
(0.34)  (0.33)

#Burned treatment significantly different from unburned treatment of same ridge at p<0.10.
b Pre-burn vs. post-burn t-tests showed burned treatments not significantly different but unburned

treatments significantly different at p<0.0001.

¢Burned treatments significantly different from unburned treatments by covariate analysis at p<0.10.
d Standard errors (in parentheses) are based upon mean within a treatment.
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revealed that burned treatments had significantly higher pH
1 week post-burn at Whittleton Ridge (3.64 vs. 3.18;
p<0.001) and in September at Klaber Ridge (3.64 vs. 3.23;
p<0.01) (Table 3). The 1995 fires did not affect pH in the
upper mineral soils.

The 1996 fires significantly increased organic horizon pH
from pre-burn values to 2 weeks post-burn (3.01 to 3.24;
p<0.10), even though the pH of the burned treatments did
not significantly differ from the unburned treatments 2
weeks post-burn (p=0.79). In September 1996, we found
significant differences in pH between burned and unburned
treatments in both the organic and mineral horizons with
significant site by treatment interactions. The reduced
model analyses showed significantly lower pH in Klaber
burned organic horizon (3.20 vs. 3.53; p<0.01), while
Pinch-Em-Tight burned treatments had significantly higher
pH in organic (3.17 vs. 3.08; p<0.001) and mineral
horizons (4.29 vs. 3.89; p<0.05).

Cations

Burned treatments contained significantly lower extractable
cation concentrations than unburned treatments later in the
season. Extractable potassium concentrations were
significantly lower in burned organic horizons in September
1995 (362 vs. 439 ug/g dry wt soil; p<0.10) and September
1996 (362 vs. 490 pg/g dry wt soil; p<0.10) (Table 4). In
September 1996, magnesium and calcium concentrations
were also lower in burned organic horizons (164 vs. 246

pg/g dry wt soil; p<0.01; 1240 vs. 2500 pg/g dry wt sail;
p<0.01, respectively).

Extractable cations in the burned upper mineral soil
increased or were higher soon after the fires, but by
September tended to be significantly lower than in unburned
soils. In 1995, significantly higher potassium concentrations
were found in the burned treatments one week post-burn
(86.7 vs. 84.0 ug/g dry wt soil; p<0.05). In the 1996 burned
treatments, significant increases of magnesium (19.4 to
25.2 pg/g dry wt soil; p<0.05) and calcium (100 to 135 pg/g
dry wt soil; p<0.05) concentrations from pre-burn to 2 weeks
post-burn were found. In September 1995, potassium was
significantly lower in burned treatments (62.4 vs. 71.7 ug/g
dry wt soil; p<0.10), and in September 1996 lower in the
burned treatment of Klaber Ridge (64.6 vs. 89.6 pg/g dry wt
soil; p<0.10). In September 1995 and 1996, burned
treatments had significantly less magnesium than unburned
treatments (1995: 21.6 vs. 25.0 ug/g dry wt soil; p<0.05;
1996: 16.9 vs. 28.7 pg/g dry wt soil; p<0.10). Calcium
concentrations were also significantly lower in burned
treatments than in unburned in September 1996 (84.5 vs.
169 pg/g dry wt soil; p<0.05).

Microbial Biomass

In the O horizon, microbial biomass was dominated by
fungi (32 pg/g dry wt soil) rather than bacteria (14 pg/g dry
wt soil), whereas in the mineral horizon, microbial biomass
of bacteria (11.3 pg/g dry wt soil) and fungi (11.4 ug/g dry
wt soil) were similar.

Table 3—Mean pH values for O horizon of burned and unburned treatments of Klaber,
Whittleton, and Pinch-Em-Tight Ridges, Daniel Boone National Forest, Kentucky, prior to
and following March 1995 and March 1996 prescribed fires

Site
Klaber Whittleton Pinch-Em-Tight
Date Burned Unburned Burned Unburned Burned Unburned
Pre-burn 1995 3.77 3.69 3.20 3.31 3.09 3.05
1 wk post-burn 1995 3.93 3.58 3.64 3.182 3.21 3.16
September 1995 3.64 3.232 3.05 2.93 2.88 2.85
Pre-burn 1996 3.10 3.30 2.94 3.10
2 wk post-burn 1996 3.32° 3.63 3.25° 3.14
September 1996 3.20 3.53 3.17 3.08

@ Covariate analysis of [H*] shows burned treatment significantly different from unburned within ridge

at p<0.01 using pre-burn [H*] as covariate.

b Analysis of pre-burn and post-burn [H*] shows post-burn significantly different from pre-burn at

p<0.10.
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Table 4—Mean extractable cations (ug/g dry wt soil) in organic and mineral horizons of Burned and Unburned treatments of
three ridgetops in Daniel Boone National Forest, Kentucky, prior to and following March 1995 and March 1996 prescribed fires

O horizon Mineral soil
1995 1996 1995 1996
Burned Unburned Burned Unburned Burned Unburned Burned Unburned
K
Pre-burn 495 469 467 510 80.5 85.9 75.5 84.3
(30)2 (29) (39) (39) (6.7) (6.3) (5.3) (4.9)
Post-burn 513 558 473 433 86.7 84.0 95.8 102
(35) (34) 47) 47) (5.9) (5.9) (6.3) (6.0)
September 362 439 362 490 62.4 1.7 61.1 75.3
(25) (24) (22) (23) (5.0) 4.7) 4.7) (4.4)
Mg
Pre-burn 198 340 190 226 25.3 29.1 19.4 22.2
(93) (90) (20) (20) 2.7) (2.0 (3.0 (6.0)
Post-burn 228 216 209 204 24.7 25.6 25.2 29.5
(12) (12) (22) (22) (1.8) (1.3) (1.5) 1.4)
September 165 190 164 246 21.6 25.0 16.9 28.7
(13) (12) (13) (14) (1.4) @.7) (2.5) (2.4)
Ca
Pre-burn 2010 2040 1440 2460 148 172 100 147
(168) (163) (281) (133) (12) (14) (7.8) (22)
Post-burn 2310 2060 1560 1800 144 130 135 159
(182) 173) (263) (262) (12) (7.5) (12) (11)
September 1900 1560 1240 2500 134 127 84.5 169
(129) (123) (180) (188) (14) (8.0) (23) (23)

@ Standard errors (in parentheses) are based upon mean within a treatment.

The prescribed fires of 1995 and 1996 did not consistently
affect active fungal biomass, but active bacterial biomass in
the organic horizon appeared to be positively affected by
both the 1995 and 1996 burns. In the 1995 burned
treatments of Whittleton and Pinch-Em-Tight Ridges, active
bacterial biomass was higher than the unburned for almost
every sampling date post-burn. Burned treatment active
bacterial biomass was significantly higher in July 1995 (13
vs. 10 pg/g dry wt soil; p<0.05), in September 1995 (15 vs.
9 pg/g dry wt soil; p<0.01), and in November 1995 (20 vs.
16 pg/g dry wt soil; p<0.10) (Table 5). In May 1995, active
bacterial biomass was significantly lower in the burned
treatments (17 vs. 20 pg/g dry wt soil; p<0.10). In the 1996
burned treatments, active bacterial biomass was
significantly higher 2 weeks post-burn (17 vs. 12 pg/g dry
wt soil; p<0.05) and in August 1996 (7.3 vs. 5.2 pg/g dry wt
soil; p<0.05). No significant effect on active bacterial
biomass was found in the mineral soils.

DISCUSSION

Increases in nutrient availability following fire have been
found in some systems and fire regimes and not in others.
More intense fires of logging slash in the southern
Appalachians have combusted some of the organic layer
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without significant loss of C or N from the Oea horizon
(Vose and Swank 1993), and have also increased available
soil nitrogen (Knoepp and Swank 1993). A stand
replacement fire in this region resulted in no detectable
change in soil chemistry (Vose and others [In Press]).
Other fire studies in other regions show significant
increases in soil nutrient concentrations following burning
(Austin and Baisinger 1955, Prieto-Fernandez and others
1993).

The oak-pine ridgetops in the Red River Gorge are
characterized by a thin litter layer (Oi) atop a very acidic,
thin, nutrient-poor organic horizon (Oea). As none of the
organic layer (Oea) combusted in these prescribed fires,
the fires caused no immediate nutrient loss from the Oea
horizon, and with only a fraction of the litter layer
consumed, the increase of nutrient concentrations was very
small. Also on such a nutrient-poor site, any addition of
nutrients may have been quickly taken up by plants or
immobilized by microbes (Hungerford and others 1990).
While cations in the O horizon did not significantly change
soon after burning, significant increases of some cations in
the mineral horizon after burning suggest increased
mineralization and possibly leaching of nutrients from the



Table 5—Mean active microbial biomass (ug/g dry wt soil)
in the O horizon of Burned and Unburned treatments of
three ridgetops in Daniel Boone National Forest, Kentucky,
following March 1995 and March 1996 prescribed fires

O horizon

1995 1996

Burned Unburned Burned Unburned

1 d post-burn 15.5 14.9 104 9.36
(0.99)2 (0.97) (2.1) (1.1)
1 wk post-burn  15.9 13.2 — —
.7) (1.3)
2 wk post-burn — — 17.4 11.8
(0.90) (1.2)
April 25.2 20.5 — —
(2.1) (2.0)
May 16.5 19.8 13.0 11.7
(0.93) (1.6) (1.0) (2.9)
June 5.53 11.7 11.4 10.4
(1.2) (1.3) (0.59) (0.63)
July/August 12.8 10.1 7.33 5.16
(1.1) (0.73) (0.45) (0.90)
September 14.7 8.66 8.27 7.84
.7) (0.69) (0.53) (2.2)
November 20.3 15.6 — —
(2.0) (1.3)

@ Standard errors (in parentheses) are based upon mean within a
treatment.

ash through the thin organic horizon to the mineral soil. We
detected a transient increase in available nitrogen, and we
know that some increased nutrient availability occurs as
evidenced in increased seedling foliar N, P, and K
concentrations following burning (Gilbert and others 1998,
Reich and others 1990). In another acidic, nutrient-poor
ecosystem, the southeastern Coastal Plain pine flatwoods,
herb layer vegetation had significant increases in tissue
nutrient concentrations for N, P and K following winter fire
(Gilliam 1991).

Availability of nutrients for plant uptake depends in part on
soil pH, which often changes after burning as oxides in ash
react with hydrogen ions to raise pH (Agee 1993, Ahlgren
and Ahlgren 1960). We found significantly higher pH in
burned soils both years. Higher pH may also have favored
bacterial populations (Ahlgren 1974) which increased
following burning. While many studies show decreased
microbial populations after fire (Ahlgren 1974, Borchers
and Perry 1990, Pietikdinen and Fritze 1993), other studies
have found bacterial populations to increase following
burning (Ahlgren and Ahlgren 1965, Jurgensen and others
1981). Lower concentrations of available cations measured

late in the season may reflect increased immobilization by
increasing bacterial biomass (Fritze and others 1993).

Fire is being reintroduced to these ridgetops in an attempt
to maintain a community diversity that has been decreasing
since fire suppression. Successful regeneration of oak
species is integral to this diversity. Our data (Arthur and
others 1998) as well as other studies (Barnes and Van Lear
1998, Thor and Nichols 1974, Van Lear and Waldrop 1989)
suggest that multiple fires will be necessary to realize this
objective. This study suggests that low intensity single fires
where little, if any, organic matter is lost have little effect on
soil nutrient status. Future research should examine
whether repeated fire on these sites has similar effects on
soil nutrients and microbial biomass or whether impacts of
repeated burning on soil resources further degrade already
nutrient-poor sites.
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COMPARISON OF ECOLOGICAL CHARACTERISTICS OF
THREE REMNANT OLD-GROWTH WOODLOTS IN BELMONT COUNTY, OHIO

Ray R. Hicks, Jr. and Jeffrey Holt *

Abstract— Dysart Woods, North and South, and Collins Woods are small remnant old-growth stands with an old-growth
cohort that has a significant oak component (> 50 percent) and includes mixed mesophytic species, such as yellow-poplar
and white ash. All three stands are transitional to a northern hardwood type (sugar maple/American beech). Collins Woods
is bounded on two sides by a surface mine highwall (20-60 feet high), and on another side by a reclaimed surface mine.
Dysart Woods's stands are surrounded by second-growth hardwood forest and agricultural fields. We sampled trees larger
than 2 inches dbh and measured woody regeneration. In addition, we conducted a 100 percent inventory of all large trees
in the old-growth cohort. We found all three stands to be remarkably similar. For example, the basal area of trees at Collins
Woods was 123.3 feet square/acre as compared to 101.2 and 102.5 for the South and North Woods at Dysart Woods. The
oak component of the old-growth cohort at Collins Woods was 50.3 percent. For Dysart South and North, oak composition
was 61.7 percent and 60.7 percent. Yellow-poplar made up 10.3 percent and 9.8 percent of Dysart South and North and 21
percent of the old-growth cohort at Collins Woods. The average dbh of old-growth trees at Collins Woods was 34.4 inches
compared to 33.9 inches and 35.1 inches for the Dysart stands. Collins Woods, like Dysart Woods, had virtually no oak
regeneration and the overall diameter distribution indicated a reverse J-shaped curve for all three stands with sugar maple
predominating in the smaller diameter classes, and oaks and yellow-poplar in the larger classes. The species diversity of
Collins Woods was slightly less than that at Dysart Woods, when expressed as Shannon’s H’, but about the same in
species richness. Measures of health and vigor of the stands were very comparable. The estimated overall mortality rate for
old-growth trees at Collins Woods was 1.49 percent/year as compared to 1.56 percent and 1.85 percent at the two stands
at Dysart. The tree vigor rating, using the USDA, Forest Service vigor codes, (1 as vigorous and 7 as dead), averaged 2.05,
1.94 and 2.37 for Dysart South and North and Collins Woods, respectively.

The degree of similarity among the three stands suggests that they may have been part of a large contiguous forest. In
spite of their different histories, the successional changes in these three stands have produced remarkably similar results.
These stands represent what many present-day central hardwood forests could look like in about 200 years, if left relatively

undisturbed.

INTRODUCTION

Old-growth central hardwood forests are interesting and
valuable both from a natural history standpoint as well as
examples of the successional process that affects them.
The dynamics of these remnant old-growth stands provide
clues as to the potential fate of many present-day stands
that, like most old-growth remnants, developed from
disturbances such as fire. The present study documents
the current condition of three remnant old-growth stands in
east-central Ohio. The composition of the old-growth cohort
(the largest and oldest trees) is suggestive of a disturbance
origin, but the gradual replacement of these stands by
shade tolerant climax species is an on-going process that
is documented in this study. These case studies, in addition
to illustrating the process of succession, provide insight into
the timing of changes in undisturbed forests.

DESCRIPTION OF THE SITE

The stands at Dysart Woods are old-growth remnants
located approximately 5 miles south of St. Clairsville, Ohio,
off state Route 9 and are spatially separated by about 1000
feet. The stands at Dysart Woods are surrounded by
second-growth hardwoods except for one side of the North
Woods, which is an agricultural meadow. Collins Woods is
about 13 miles northwest of Dysart Woods, in Belmont

County, Ohio, about 3 miles northwest of Morristown. This
woodlot is surrounded on 3 sides by former surface mining
activity and has highwalls of approximately 60 feet high or
higher on the north and east borders. Mining operations
that created these highwalls were conducted in the early to
mid 1970s. All three woodlots are remnant old-growth
stands that are estimated to be in the age range of
approximately 300 years. Collins Woods has been
purchased by The Nature Conservancy and is preserved
as an example of what was most likely an extensive forest
cover type about the time of European settlement of
eastern Ohio while Dysart Woods is managed by Ohio
University. Stands like Collins and Dysart Woods probably
owe their origin to disturbance by fire which favors the
regeneration of oaks and shade-intolerant species like
yellow-poplar (Liriodendron tulipifera).

METHODS

The extent of the old-growth forests in the three stands
was determined as the area inside the drip line of the area
containing large old trees. Dysart North was found to be
approximately 15 acres and the South Woods is about 13.5
acres in size while Collins Woods was 8.3 acres.

! Professor of Forest Ecology, West Virginia University, Division of Forestry, Morgantown, WV 26507; Project Manager, P-Squared Technologies,

Knoxville, TN 37933, respectively.

Citation for proceedings: Stringer, Jeffrey W.; Loftis, David L., eds. 1999. Proceedings, 12th central hardwood forest conference; 1999 February
28-March 1-2; Lexington, KY. Gen. Tech. Rep. SRS-24. Asheville, NC: U.S. Department of Agriculture, Forest Service, Southern Research

Station. 293 p. [Peer-reviewed paper].
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A sampling grid was established over each stand in order
to locate approximately 16 plots per stand. At each sample
location a 0.1-acre circular plot was established. At plot
center, a 10 BAF prism was used to estimate the basal
area. The plot was classified as to the Society of American
Foresters’ cover type present (Eyre 1980). In addition, the
slope position, aspect and slope percent were determined.
All trees 2 inches dbh and larger were measured in the 0.1-
acre plots. For each tree, its species, crown class, live
crown ratio, USFS vigor rating?, expected longevity and
total height was evaluated and recorded.

In conjunction with the 0.1-acre plots, two 6-foot-radius
understory plots were established, one at plot center and
another midway between plot center and the perimeter of
the 0.1-acre plot on a random azimuth. The percent of the
regeneration plot covered by all vegetation (broken down
by percent coverage of woody, herbaceous and fern) was
estimated for each 6-foot-radius plot. In addition, all tree
seedlings (< 2 inches dbh) in the plots were counted by
species and size class (< 6 inches, 6 inches-4 feet, > 4
feet).

Finally all large trees in the “old-growth cohort” (27.5 inches
dbh and larger) in each stand were measured (100 percent
sample). This size limit was selected subjectively because it
seemed to include all the large old trees (particularly oaks
and yellow-poplar). Each tree was numbered and dbh, total
height, live crown ratio, crown radius, vigor class and
expected longevity (estimated as < 10 years, 10-20 years or
> 20 years) was recorded. In addition to the large live trees,
large standing dead trees were also measured by species
for dbh and estimated years dead (based on bark and limb
condition). All the large trees were located with laser survey
equipment to determine their precise location within the
stand so that they could be mapped and plotted.

Tree data from 0.1-acre plots and 100 percent samples
were combined to produce the diameter distribution by
species (number of trees by diameter). For the large trees
(> 27.5 inches dbh), only the 100 percent sample data
were used.

Seedling data were compiled by species to document the
numbers of seedlings by species and size class, which
should indicate the regeneration potential of the various
species.

Data from the various samples were used to compute
importance values of the tree species. Importance value is
the sum of relative density, relative frequency and relative
dominance. These are obtained as the number of stems of
a species relative to the total number of stems, the number
of plots containing the species relative to the total number
of plots and the basal area of a species relative to the total
basal area. This information was compared to importance
values reported in previous studies of Dysart Woods.

2Vigor codes: 1-healthy/vigorous, 2-slight dieback, 3-moderate
dieback, 4-slight decline, 6-moderate decline, 6-severe decline,
7-dead.
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We used data for total number of species present and total
individuals per species to develop measures of diversity in
each stand (species richness and Shannon-Weiner index).
These measures could be used to compare the diversity of
the three stands and to compare them with other forests.

Finally, the data from standing dead trees and estimated
longevity of large live trees were used to estimate the rate
of mortality (percent per decade). This was done by
averaging the class midpoints for estimated longevity for
old-growth trees (e.g., 0-10 years = 5 years) and doing the
same for estimated years dead for large standing dead
trees. Thus, two estimates of rate of mortality were
obtained (one based on expected longevity of live old-
growth trees and the other based on standing dead trees).
These two estimates were then averaged to obtain the
value that was presented in subsequent discussions.

RESULTS

Overall

Collins Woods was very similar to the stands at Dysart
Woods (Table 1) with an old-growth cohort of oaks and
mesophytic hardwoods that is being gradually replaced by
northern hardwoods [American beech (Fagus grandifolia)/
sugar maple (Acer saccharum)]. There were a few large
stumps at Collins Woods that indicated limited selective
logging had occurred in the past, similar to Dysart Woods,
but in general most of the old-growth trees were left. The
most unique feature of Collins Woods was the fact that the
area had been circumscribed by contour surface mining,
and along one side (approximately 800 feet), the highwall
remained intact while on another side reclamation by back-
filling, recontouring and seeding had been done.

The forested site at Collins Woods was an upper slope,
primarily on a west-facing aspect with an average slope
inclination of about 18 percent. West-facing aspects and
upper slope positions, as occurred at Collins Woods, are
typically associated with poorer growing sites (Hicks and
Frank 1984). Dysart woods had a wider variety of aspects
and slope positions, some of which are associated with
better quality sites. The diameter distribution of trees at
Collins Woods was a reverse J-shaped distribution, similar
to the Dysart Woods stands (Figs. 1-3).

Regeneration

Like Dysart Woods, Collins Woods showed little or no oak
regeneration—no oak seedlings were found in our survey.
As with the Dysart stands, Collins Woods had abundant
sugar maple, beech and elm (Ulmus spp.) regeneration
(Figs. 4, 5). Unlike the Dysart stands, elms at Collins
Woods have not grown into the small sapling-size class.
Perhaps the higher overstory density at Collins Woods, as
reflected by higher basal area, is responsible for shading
out the elms before they reach sapling size. A variety of
other woody regeneration occurred at Collins Woods,
including bitternut hickory (Carya cordiformis),
hophornbeam (Ostrya virginiana) and spicebush (Lindera
benzoin). Seedling numbers at Collins Woods resembled
more closely the North Woods at Dysart Woods, although
Collins Woods had fewer maples and beech seedlings than



Table 1—Summary data for Dysart (North and South) and Collins Woods

Dysart Woods

Variable South Woods North Woods  Collins Woods
Basal area

(live)(sq. ft./ac.) 101.25 102.50 123.30
SAF cover (pct. of plots)

Type 542 87.50 81.25 27.80

Type 60 0 12.50 55.50

Type 27 12.50 6.25 16.70
Slope percent (average) 16.75 16.40 17.80
Aspect class (pct. of plots)

1(N) 0 25.00 0

2 (NE) 0 0 0

3 (E) 31.25 0 0

4 (SE) 6.25 6.25 0

5(S) 12.50 25.00 0

6 (SW) 37.50 .625 11.11

7 (W) 12.50 0 83.33

8 (NW) 0 37.50 5.55
Slope position (pct. of plots)

Ridge 0 6.25 0

Upper slope 31.25 43.75 38.90

Lower slope 37.50 37.50 61.10

Hollow/bottom 31.25 12.50 0

2 SAF cover type: 54=yellow-poplar; 60=white oak; 27=northern red oak.
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Figure 1—Diameter distribution of all trees > 2 inches dbh,
South Woods, Dysart Woods.
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Figure 2—Diameter distribution of all trees > 2 inches dbh,
North Woods, Dysart Woods.
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either of the Dysart stands. This may reflect the effect of
higher basal area and greater shade at Collins Woods or
possibly other factors such as a higher deer density.

Overstory

Almost 70 percent of the overstory plots at Collins Woods
were classed as northern hardwoods types (beech/maple
and sugar maple), whereas the majority of plots at Dysart
Woods were classed as mesophytic hardwoods. The large
number of beech and sugar maple at Collins Woods that
are in the diameter range of 10 to 27 inches is the basis for
classifying the Collins Woods plots as northern hardwoods.
Of the approximately 35 trees per acre in the 10-27-inch
diameter range, 33 of them were beech or maples.

The importance values of species at Collins Woods
(relative density + relative dominance + relative
abundance) were very similar to those of Dysart stands.
For example, sugar maple had an importance value at
Collins Woods of 187.5 (Table 2). Its importance values for
the South Woods and North Woods at Dysart Woods were
176.6 and 162.9, respectively. The ranking of importance
value at Collins Woods was sugar maple, American beech,

Table 2—Relative densities (RD), relative frequencies (RF), relative dominance (RDo) and importance values (1V) for tree

species sampled at Dysart and Collins Woods

Dysart Woods
South Woods North Woods Collins Woods

Species RD RF RDo \Y Rank RD RF RDo Y Rank RD RF RDo IV Rank
Sugar maple 46.95 100 29.63 176.58 1 5504 90 17.89 162.93 1 69 100 18.5 1875 1
American beech  14.24 70 23.04 107.28 2 1351 80 29.27 122.78 2 15 67 151 856 2
Elms 17.37 50 3.29 70.66 3 6.65 40 3.25 49.90 4 2 22 36 276 5
Black cherry 6.37 40 0 46.51 4 411 40 0 4411 6 1 11 01 121 13
White oak 3.06 20 19.75 4281 5 1.72 40 26.02 67.74 3 1 17 156 336 4
White ash 3.24 30 1.65 34.89 6 1.61 20 3.25 24.86 9 1 11 35 155 10
Blackgum 224 20 494 27.18 7 1.87 20 1.63 23.50 10 1 11 04 124 12
Yellow-poplar 1.20 20 3.29 24.49 8 2.08 10 488 16.96 13 3 17 25 225 7
Northern red oak 1.78 10 1.64 13.42 9 1.61 20 4.88 26.49 8 2 39 250 66.0 3
Shagbark/shell 1.16 10 1.65 12.81 10 151 20 1.63 23.14 11 2 11 13 143 1

Bark/bitternut

Hickory
Flowering dogwood 0.72 10 0 10.72 11 426 30 0 34.26 7 1 6 0.1 7.1 15
Red maple 1.27 0 6.58 7.85 12 1.72 40 3.25 44.97 5 2 17 33 223 8
Black walnut <0.01 0 0 <0.01 13 —_ — — — _ — — —
Blue beech/ _ — — — 3.12 20 0 23.12 12 1 22 02 232 6

Hophornbeam
Serviceberry _ — — — 0.32 10 0 10.32 15 _ = — —
Sourwood _ — — — _ — — — —_ = — —
Hackberry —_ — — — 0.32 10 0 10.32 15 —_ = — —
Basswood —_ — — — 052 10 0 10.52 14 _ — — —
Black oak _ — —_ —_ —_ — —_ —_ 2 11 6.0 190 9
Sassafras _ — — — _ - — — 1 6 1.1 8.1 14
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northern red oak (Quercus rubra), white oak (Quercus
alba) and elm, whereas 4 of the top 5 species at Dysart
North and South were the same, and sugar maple and
American beech were the first- and second-ranked species
at all these stands.

Previous studies performed at Dysart Woods (Benner 1971,
Lafer 1968, Smith 1979) reported importance values.
Figures 6 and 7 show the change over time of the relative
ranking of species by importance values. In general, sugar
maples and beech were ranked 1 and 2, while oak declined
and elms increased. The species diversity at Collins Woods,
as measured by Shannon’s H' was lower than that of Dysart
Woods (Table 3). But diversity based on species richness
was very similar among the three stands.
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Figure 6—Relative ranking of species by importance
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Old-Growth

There was an average of 9.7 large trees per acre at Collins
Woods as compared to 7.9 and 8.0 at Dysart South and
North (Table 4). The average dbh of old-growth trees was
very similar among all three stands but trees at Dysart
Woods were, on average, about 15-20 feet taller, probably
indicating an inherently better overall growing site at Dysart
Woods. This difference in height is not related to any effect
of mining over the past 30 years since old-growth trees,
even on the best of sites, grow very little in height. For
example, growth curves for yellow-poplar presented by
Carmean and others (1989) indicate that trees on average
sites grow about two feet per year. By age 100, yellow-
poplar trees on these sites typically grow less than one foot
per year, and by 250-300 years of age, trees have virtually
ceased height growth due to the natural slowing with age.
Thus the greater height at Dysart Woods most likely
resulted from a steeper growth curve during the first 100
years of life rather than any occurrences in recent years.
Collins Woods had a higher proportion of northern red oak
and yellow-poplar and a lower proportion of white oak.

Comparing measures of forest health and vigor for the
three stands, we found that they were very comparable.
The overall rate of mortality (percent per year) for the large
trees at Collins Woods was estimated to be 1.49 percent,
whereas Dysart South and North were estimated to be 1.85
percent and 1.56 percent, respectively. The USDA, Forest
Service vigor code averaged 2.37 (1 being most vigorous
and 7 being dead) for Collins Woods (Table 5). The two
stands at Dysart Woods averaged 1.94 and 2.05.

DISCUSSION AND CONCLUSIONS

The old-growth component of the forest at Collins and
Dysart Woods regenerated in the late 17th or early 18th
century. Many authors have linked oak regeneration to fire
(Abrams 1992). It is acknowledged by a number of writers
(Curtis 1959, Pallardy and others 1988) that presettlement
fires, either caused by lightning or set by native people,
were an important disturbance that led to the regeneration
of oaks over vast areas. Native American populations were
decimated by disease that was introduced by early
European explorers which led to a lower incidence of fire.
In the absence of fire, oaks regenerate poorly, mostly
because they are unable to compete in the understory of
established stands (Norwacki and others 1990).

Dysart and Collins Woods are old-growth “islands” that
have persisted in spite of landscape changes, such as
reduced fire, land clearing, subsistence farming and
logging, that occurred throughout the central hardwood
region.

The diameter distribution and structure of the stands gives
important clues as to the origin of the various cohorts
present. For example, the white oaks have a diameter
distribution typical of an even-age stand in spite of the fact
that the aggregate distribution of all species has the
reverse J-shaped distribution typical of all-age stands.
Stout (1991) observed a similar phenomenon on a much
wider scale that characterizes so-called “transition” stands,
currently covering a large area in the Allegheny Plateau of



Table 3—Species diversity [species richness and Shannon-Weiner Index (H")] for Collins Woods, Dysart
Woods and other old-growth central hardwood forests

Shannon-Weiner H’ Species richness

n
¢('=-1 ¥ pi ln pi)
i=l

Forest No./0.1 ac. Total no. Reference
Collins Woods 1.25 — 15 Present study

Dysart, South 1.69 4.0 13 Present study

Dysart, North 1.72 5.8 18 DeSelm and Sherman (1982)
Savage Gulf (TN) 3.70 — 22 Monk (1967)
Beech-white oak 2.77 — — Bryant (1987)

Ault Park (OH) 2.83 — 21 Bryant (1987)

California Woods (OH) 3.1 — 20 Bryant (1987)

Caldwell Park (OH) 3.35 — 21 Bryant (1987)

Winton Woods (OH) 2.18 — 15 Bryant (1987)

Bowles Woods (OH) 1.94 — 15 Bryant (1987)

Melborne Forest (OH) 3.07 — 17 Bryant (1987)
Davis-Purdue (IN) 2.50 — 30 Ward and Parker (1987)

Table 4—Summary data for attributes of live large trees (> 27.5 inches d.b.h.) for Dysart Woods (South and North) and Collins
Woods

Dysart Woods?

South Woods North Woods Collins Woods?
Total no. Total no. Total no.

Species trees RD®  D.b.h. Ht. trees RD® D.b.h. Ht. trees RD° D.b.h. Ht

In. Ft. In. Ft. In. Ft.
White oak 55 51.4 35.3 120.9 59 48.4 37.5 121.4 18 22.2 36.9 100.8
Northern red oak 11 10.3 36.2 123.5 13 10.6 38.1 122.6 20 248 37.3 108.6
Black oak 0 0 — — 2 1.7 29.0 117.0 3 3.7 317 102.0
Sugar maple 8 7.5 29.8 121.3 3 25 32.3 116.7 7 8.6 29.6 104.6
Red maple 1 0.9 32.0 121.3 1 0.8 32.0 88.0 0 0 — —
American beech 18 16.8 30.9 101.0 17 13.9 30.0 106.0 12 14.8 29.9 98.9
Yellow-poplar 11 10.3 31.2 115.0 12 9.8 34.2 134.7 17 21.0 34.7 110.7
White ash 3 2.8 34.7 136.4 12 9.8 31.9 123.1 1 1.2 29.0 110.0
Blackgum 0 0 — — 1 0.8 28.0 120.0 0 0 — —
Shagbark hickory 0 0 — — 2 1.7 30.5 128.0 0 0 — —
Elm 0 0 — — 0 0 — — 3 3.7 327 108.3
Total/overall 107¢ 100 33.9 122.3 122°¢ 100 35.1 120.5 81° 100 34.4 105.1

aAll figures are averages.

b Relative density (percent).

¢ Number of large trees per acre—South Woods @ 13.43 ac. = 7.97 large trees/ac., North Woods @ 15.18 ac. = 8.04 large trees/ac., and
Collins Woods @ 8.36 ac. = 9.69 large trees/ac.
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Table 5—Health/vigor indices for Dysart and Collins Woods

Health/vigor Dysart, Dysart, Collins
indices North South Woods

Estimated tree

mortality® (pct./yr.) 1.56 1.85 1.49
Average®
USFS vigor rating 2.05 1.94 2.37

#Based on all trees in the old-growth cohort.
bVigor assessed on a scale of 1-7, where 1=healthy and 7=dead.

Pennsylvania. These stands contain representatives of
oak-hickory as well as northern hardwood types, and the
oak component is generally in the larger diameter classes
and possesses a normal or bell-shaped distribution.

The diameter distribution of the American beech
component of the stands in Dysart Woods provides some
interesting questions. In both stands, beech displays a
reverse J-shaped distribution, typical of shade-tolerant
species, but with a wave of larger diameter trees. This
suggests that a cohort of beech ingrowth responded to a
disturbance that produced fairly substantial canopy gaps
about 75-150 years ago. Disturbances, such as drought,
insect or disease attacks, ice or wind damage, could trigger
such a phenomenon. Beech is representative of so-called
“role-2” species (Shugart 1987) and is shade tolerant
enough to regenerate in dense shade (Harcombe and
others 1982) and capable of responding to canopy gaps as
they develop.

The diameter distribution of sugar maple in all stands was
typical of the reverse J-shaped distribution expected of
shade-tolerant species in an all-age stand. However, the
larger number of overtopped saplings in the Dysart North
Woods compared to the South Woods seems to suggest
that the regeneration of sugar maple in the two stands has
become dissynchronous, and this relates to some fairly
recent disturbance events that are not common to both
stands. A ground fire would be a likely explanation but no
charcoal or fire scars on trees was evident to point to such
an occurrence and no reports of fires were found in
published accounts of the history of Dysart Woods. An
alternative explanation might be a different woodland
grazing regime for the two stands.

The regeneration inventory of the stands reinforces our
conclusions regarding the occurrence of a gradual shift
from oaks to a maple-beech forest. This is a process that is
on-going throughout the central hardwood region. Loftis
(1989) indicates that the process is best described by
combining the concepts of “initial floristics composition” and
“vital ecological attributes” of species. That is to say that
propagules of all the species present today were present
when the stands first developed, but the shifts in
dominance over time reflect a change in conditions that
favor some species over others. Currently, the balance has
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shifted toward sugar maple and American beech and away
from oaks and yellow-poplar. This transition from oaks to
maples and other northern or mesophytic hardwoods is a
trend that is well documented in old-growth forests
throughout the central hardwood region (Downs and
Abrams 1991, Schlesinger 1989). The interesting
phenomenon relating to greater overall abundance of
regeneration (especially sugar maple) in the Dysart South
Woods may be part of the same process that has caused
the reverse to be true of trees in the sapling size class (2
inches-6 inches dbh). In-other-words, the dense low shade
created by the cohort of maples and beech in the sapling
size class may be preventing regeneration, even of shade-
tolerant species, in the North Woods. The high shade from
canopy-level trees in the South Woods has allowed better
seedling establishment there. EIms are apparently
producing more seedlings and saplings now than were
reported in past studies of Dysart Woods, but due to their
intermediate status in shade tolerance and their
susceptibility to disease, they will probably not become
significant contributors to any future overstory.

The remarkable similarity between the old-growth
components of the three stands indicates that strong forces
are at work driving the ecosystem changes that have taken
place. These stands were probably historically part of a
single large stand but even so, in spite of differences in
average aspect and soils (Lafer 1968) the resulting old-
growth cohorts have maintained a high degree of similarity.
The dissynchrony in regeneration between the two Dysart
stands, however, indicates that it is the intrinsic
characteristics of the system rather than particular
disturbance events that drive the process.

Regarding species diversity, Dysart and Collins Woods is
on the low end of the scale for old-growth forests with
values for the Shannon-Weiner index of 1.69 and 1.72.
There are two reasons for the mathematically low values.
First, these stands have relatively low woody species
richness compared to other old-growth forests reported in
the central hardwood region (Table 3) and secondly, as
Loucks (1970) proposes, northern hardwood types become
dominated by sugar maple which reduces their diversity.

The process of oak replacement by maple and beech can
be illustrated by plotting the change in ranking of
importance values of species over the past 30 years (Figs.
6 and 7). As can be seen on these two figures, white oak is
generally declining in rank whereas sugar maple is either
increasing or maintaining. In both stands, sugar maple is
now the top ranked species and American beech is in
second position. An interesting rise in the importance value
ranking of elms is primarily related to a large influx of
sapling-sized trees—many of which are presently showing
symptoms of declining vigor.

The future of these stands, barring a major disturbance
event, is likely to continue on a course where large
senescent oaks and yellow-poplars are replaced by sugar
maple and American beech trees presently in subordinate
canopy positions. Stresses, such as drought, air
pollution/acid deposition, insects [gypsy moth (Lymantria



dispar), etc.] and diseases (beech bark disease, Dutch elm
disease, dogwood anthracnose, etc.) will play a role in the
future of Collins and Dysart Woods, and these factors,
although unpredictable, will probably alter the course of
events by affecting the balance in competitive advantage
among species.

Perhaps one of the greatest values of these remnant old-
growth stands is the fact that they offer a glimpse into the
future. The central hardwood region, following logging, fires
and agricultural abandonment since the turn of the century,
has rebounded with millions of acres of second-growth
forests dominated by oaks and mesophytic hardwood
species (MacCleery 1992). Stands like Collins and Dysart
Woods give a good indication of what these forests will
look like in 200 years with minimal disturbance (fire
exclusion and limited cutting). They also, when viewed in
the context of a collective whole of remnant deciduous
forests, illustrate that some rather consistent processes
(vital ecological attributes) are moving these stands in the
same direction and these same forces will probably shape
today’s second-growth forests in a similar way.
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CHARACTERIZATION OF COARSE WOODY DEBRIS ACROSS A 100 YEAR
CHRONOSEQUENCE OF UPLAND OAK-HICKORY FORESTS

Travis W. Idol, Phillip E. Pope, Rebecca A. Figler, and Felix Ponder, Jr. !

Abstract— Coarse woody debris is an important component influencing forest nutrient cycling and contributes to long-term
soil productivity. The common practice of classifying coarse woody debris into different decomposition classes has seldom
been related to the chemistry/biochemistry of the litter, which is the long term objective of our research. The objective of this
preliminary study was to measure the volume, mass and nutrient content of the different decay classes of the down dead
wood (DDW) component of coarse woody debris in upland hardwood stands of different ages. Three oak-hickory stands in
southern Indiana: aged 1, 31, and 80-100 years since harvest were chosen for this study. Volume, mass, and C, N, S, and
P content were determined on DDW from each decay stage in each stand. Results show that there is a large decrease in
DDW volume and mass from recently harvested stands to more mature stands. The dominant decay stage shifts from Class
Il'in the 1 year-old stand to Class Il in the 31 year-old stand. The decay stages also have significantly different DDW
density and C:N ratios, but only if outer and inner woody material are separated. The decomposition classes used to
distinguish DDW correspond to distinguishable stages of DDW decay, as indicated by different C:N ratios and wood
densities. The outer woody material seems to decay more quickly than the inner material, which is likely due to lower initial
C:element ratios. Further work is needed in order to relate these patterns of coarse woody debris decay to nutrient

mineralization and immobilization patterns.

INTRODUCTION

Maintaining the long-term productivity of managed forest
soils is essential for the conservation of our forest
resources. Finding ways to prevent soil erosion and soil
compaction and to maintain soil structure and soil organic
matter content are some of the goals of long-term soll
productivity research. These indicators of soil quality are
relatively easy to measure and quantify, but one aspect of
soil quality that is not so easily assessed is nutrient
cycling.

Some aspects of nutrient cycling in temperate forests
have been well studied in the past. Nutrient availability
(Powers 1990, Roy and Singh 1995), nutrient uptake
rates and nutrient partioning (Habib and others 1993,
Robinson 1986), nutrient leaching (Jordan and others
1993, Yin and others 1993), and returns of nutrients from
leaf (Gholz and others 1985, Taylor and others 1989) and
fine root turnover (Joslin and Henderson 1987,
McClaugherty and others 1982) have been studied by
numerous researchers. A topic that has received less
attention in nutrient cycling studies is the contribution of
coarse woody debris (CWD). Coarse woody debris is
generally defined as dead woody material with a diameter
of 10 centimeters or greater. This includes a range of
woody debris from fallen logs and branches to standing
dead trees and stumps. As a subset of this material,
down dead wood (DDW) is considered to be those
branches, logs, and stumps that are in contact with the
soil. Many studies have determined the amount and
relative state of decay of either CWD or DDW in both
managed and old-growth forests of the Central

Hardwoods Region (Jenkins and Parker 1997, McCarthy
and Bailey 1994, Muller and Liu 1991, Richards and
others 1995, Shifley and others 1995), but fewer have
attempted to characterize the nutrient content or decay
rate of this material (Abbott and Crossley, Jr. 1982,
MacMillan 1988). This information is important for our
understanding of the role of large dead woody material in
forest nutrient cycling and forest soil productivity.

Although there is relatively little information regarding the
nutrient content and decay rate of CWD, there are visual
evaluations of the state of decay of CWD that are used by
both university researchers (Muller and Liu 1991, Jenkins
and Parker, 1997) and U.S. Forest Service personnel
(Shifley and others 1995). These evaluations are based
upon many visual cues, including bark slippage,
penetration of visible decay into the core of the log, the
number and size of branches remaining on the log, the
shape of the log, the physical integrity of the log, and the
degree of burial in the soil for DDW. Although these visual
classification systems are useful, they are qualitative
assessments and are subject to interpretation by the
investigator. There is also the possibility that changes with
increasing decay in certain CWD characteristics differ by
species. Quantitative information about the elemental and
biochemical nature of CWD at the different decay stages is
necessary in order to assess the role of CWD in forest
nutrient budgets and nutrient cycling.

Finally, most coarse woody debris studies have been
conducted in either mature or old growth forest stands.
Few have attempted to characterize the changes in CWD
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at different stages of stand development (Jenkins and
Parker 1997, McCarthy and Bailey 1994). These studies
have shown that there are significant and important
differences in the volume, biomass, and distribution of
CWD into the different decay classes with stand age.
Understanding the dynamics of CWD as a stand develops
from recently-harvested to mature or old growth stages is
important if we are to accurately assess the role of CWD in
forest regeneration and development.

We decided to restrict our study of coarse woody debris to
down dead wood (DDW), i.e., fallen dead logs and
branches in contact with the soil and tree stumps less than
one meter high. This material is greatly influenced by the
biotic and abiotic soil environment and in turn should
directly influence biological and chemical processes in the
soil. Therefore, our designation of down dead wood differs
from the general definition of coarse woody debris in that
our study does not include standing dead trees or broken
treetops touching the ground that are still attached to the
trunk. The two objectives for our research were: 1) to
assess the volume and mass of DDW in upland oak-
hickory forests of different age; and 2) to determine the
nutrient content of DDW from the different decomposition
classes as used by Thomas (1979).

MATERIALS AND METHODS

Study Site Descriptions

This study was implemented at the Southern Indiana
Purdue Agricultural Center in Dubois County, Indiana. The
soils in this area are different families within the family of
fine-silty, mixed mesic Ultic Hapludalfs. The mean annual
temperature is 12 degrees Celcius, and the mean annual
precipitation is 1150 millimeters. The ecological land-type
phase of these stands is classified as a Quercus alba-Acer

saccharum Parthenocissus dry mesic ridge (USDA 1995).
Three historically oak-hickory dominated stands were
chosen for this study. The first was selectively harvested in
1996 (Site 1) with a post-harvest herbicide of undesirable
trees and coppicing of desirable trees during the same
year; thus we consider this stand to have undergone
clearcutting. The second stand was clearcut harvested in
1966 (Site 2). The third is a mature stand dominated by
white oak (Quercus alba) in the overstory and has not been
harvested for the last 80-100 years (Site 3). The
vegetation, climatic, and soil data for the three stands is
given in Table 1. For the stand harvested in 1996, pre-
harvest vegetation data is listed.

Field Sampling

Down dead wood was sampled according to the protocol of
Thomas (1979) as used by Jenkins and Parker (1997).
Three circular plots measuring 500 square meters were
established in Sites 1 and 3, the mature and recently-
harvested stands. In order to sample from locations with
similar physiographic and soil characteristics, we had to
restrict our sampling to two plots in Site 2, the stand
harvested in 1966. The length and mid-point diameter of all
DDW at least 10 centimeters in diameter were sampled. If
a log or branch tapered to a diameter of less than 10
centimeters, only that portion of the DDW at least 10
centimeters in diameter was included. Lateral branches
greater than 10 centimeters in diameter on down logs were
also measured. Where a piece of DDW crossed the
boundary of the circular plot, only that portion within the
plot was measured. Each piece of DDW was evaluated and
was assigned a decomposition class. The criteria for this
classification scheme are listed in Table 2. The length and
mid-point diameter of the DDW were used to calculate
DDW volume, using the equation for the volume of a
cylinder.

Table 1—Vegetation inventory for upland hardwood forests in southern Indiana. Overstory
trees are all 10 cm or greater dbh. Understory trees are all 2.5 to 9.9 cm dbh

Saplings Overstory
Age N Species Species

Stems/ha Stems/ha  (m?/ha)
1 3 Acer saccharum 2370 Acer saccharum 123 (5.6)
Nyssa sylvatica 554 Quercus alba 71 (15.9)
Quercus rubra 40 (12.6)
Carya glabra 40 4.7)
All species 3780 All species 384 (47.9)

31 2 Acer saccharum 741 Acer saccharum 515

Asimina triloba 546 Prunus serotina 300

Sassafras albidum 143

All species 1950 All species 1430
100 3 Acer saccharum 740 Acer saccharum 253 (3.9)
Quercus alba 103 (19.0)
All species 770 All species 445 (27.4)
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Table 2—Classification scheme for down dead wood decomposition stage, taken

from Thomas (1979)

Character Class | Class Il Class llI Class IV Class V
Bark Intact Mostly Mostly Absent Absent
intact absent
Structural Sound Sapwood Heartwood  Heartwood None

integrity rotting sound rotten
Branches All twigs Larger Larger Branch Absent
present twigs branches stubs
present present present

Laboratory Methods

In order to estimate biomass and nutrient content of the
down dead wood, two cross sections from one log per
decomposition class were taken. For Class Il and Ill
material, we chose logs that were approximately 20-30
centimeters in diameter. We were only able to locate a
single piece of Class | material, found in Site 3. Two cross-
sections from this Class | log, each approximately 10-15
centimeters in diameter, were taken for analysis. For
Classes IV and V DDW, there were no intact cylinders from
which to take a cross-section; therefore, various irregularly
shaped pieces of material from these classes were taken
for analysis. This sampling was done within each stand so
that differences in DDW characteristics by stand age as
well as by decomposition class could be assessed.

Each cross section or piece of DDW was cut into smaller
pieces and dried at 65 degrees Celsius to constant weight
(approximately 1 week). Because differences may exist in
DDW characteristics between the inner and outer wood of
Class |, I, and Il material, within each cross-section we
separated the outer 2-3 centimeters of wood from the inner
wood. The outer wood consisted mainly of the bark and
sapwood; the inner wood consisted mainly of the
heartwood.

To determine the biomass of down dead wood, the density
of the material at the different decomposition stages was
determined using the soil clod bulk density method (Blake
and Hartge 1986). Pieces of oven-dried DDW material
were weighed, dipped in liquid Saran resin, dried overnight
at 105 degrees Celsius, and the dry weight and
displacement volume measured. Becaue the outer wood
diameter varied between 2 and 3 centimeters, we used a
diameter of 2.5 centimeters to calculate the mass of entire
logs.

To determine the nutrient content of down dead wood,
pieces of each cross section were ground in a Wiley mill
until the material passed through a 1 millimeter diameter
mesh screen. The ground DDW was re-dried at 65 degrees
Celsius for at least 24 hours. Total C, N, and S content
were determined using a LECO CNS 2000 elemental
analyzer. Total P content was determined using the
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phospho-molybdate blue colorimetric procedure (Olsen and
Sommers 1982) after digestion of the material in perchloric
acid and hydrogen peroxide. Nutrient concentrations
(micrograms per gram of tissue) were then multiplied by
the estimated biomass in order to determine the total
nutrient content of DDW within each of the stands.

Statistics

Our initial hypotheses were: 1) The volume, mass, and
nutrient content of DDW will decrease with increasing stand
age; 2) the dominant decay stage of DDW will also increase
with stand age; and 3) the density, C:N, C:S, and C:P ratios
of DDW will decrease with increasing decay stage.

All statistical analyses were carried out using the ANOVA
procedure in SAS (SAS Institute, Inc. 1989) with an alpha-
level of 0.05. Where a significant difference was indicated
by the ANOVA, Duncan’s multiple range test with an alpha-
level of 0.05 was used as the means separation test.
Because this study does not include true replication of
stand age, the true error associated with differences in
DDW characteristics by stand age cannot be known. We
used plot within stand as the replication for stand age. The
error term associated with this type of analysis may be
biased, but without true replication of stand age, we cannot
determine the degree of bias, if any.

In our initial analysis, DDW density and concentrations of
C, N, S, and P were the dependent variables and the outer
or inner DDW portion of each decomposition class within
each stand age was the independent variable. For Class IV
and V DDW no distinction between inner or outer wood
was made. Although the density and element concentration
of DDW in different classes differed significantly, there was
no difference by stand age within a decomposition class.
Therefore the values within a decomposition class across
stand ages were combined and the average used to
calculate DDW mass and element content for the individual
decomposition classes and the location within a
decomposition class.

In order to test hypothesis 1, we compared the total
volume, mass, and C, N, S, and P content of all classes of
DDW combined within each stand. The high degree of plot



to plot variability coupled with low degrees of freedom for
the error term (based on number of plots) led to our finding
no significant differences by stand age. Therefore, we
decided to compare DDW within each decomposition class
within each stand to other classes of DDW within the same
stand and across all stands. In this analysis, DDW volume,
mass, and element content (C, N, S, P) were the
dependent variables and decomposition class by stand age
was the independent variable. This analysis was also used
to test hypothesis 2.

Because the inner and outer wood of DDW may have
different chemical characteristics, we repeated the above
analysis, subdividing Classes |, Il, and IIl DDW into inner
and outer material. In order to test the third hypothesis, this
classification of DDW was used to compare DDW density
and DDW C:N, C:S, and C:P ratios. Comparisons of DDW
classes and the location within a class were made with this
analysis. No comparison of stand ages was made with
respect to these variables; rather, the average values
across the stands were used.

RESULTS

Although there is a striking difference between the total
amount of DDW in the 1 year-old stand and the 31 and 80-
100 year-old stands (table 3), the high degree of variability
among the plots masked any statistical differences by stand
age. We compared our results to those of Jenkins and
Parker (1997), who estimated the volume of DDW in
numerous hardwood forest stands in southern Indiana (fig.

Table 3—Total volume, mass, and nutrient content of down
chronosequence of upland oak-hickory forests in southern |

1). The total volume of DDW in our study agrees with their
results; however, differences are evident in the distribution of
DDW between the two studies. In this study the mass and
volume of Class Il material was greater in the 1 year-old
stand and Class IV material was greater in all stands (age 1,
31, and 80-100 years) of our study than in their study.

The dominant decay class differed somewhat by stand age
(table 3). The volume and mass of Class || DDW in the 1
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Figure 1—Down dead wood volume by decay stage across
a chronosequence of upland hardwood forests in southern
Indiana. (*) indicates stands measured in this study. All
others taken from Jenkins and Parker (1997).

dead wood by decay class across a 100-year
ndiana

Decay
Age class N Volume Mass C N S P
Yrs m*/ha  ------- Mg/ha-----=-  memeeeeeeeeeees Kg/ha------==-=nnnn--
1 Il 3 90.8a 85.2a 42.8a 80.0a 26.4a 4.7abc
1 11 3 38.3bc 35.3b 18.2bc 42.4abc 17.5ab 1.8bc
1 \Y, 3 17.8bc 15.7b 7.5bc 27.9abc 14.6abc 4.9ab
1 \% 3 1.2c 1.0b 0.5¢c 5.5¢ 7.4bcd 4.6abc
Total 148.1 137.2 69.0 155.8 66.0 16.0
31 Il 3 0.6¢ 0.6b 0.3c 1.4c 0.2d 0.1c
31 1 3 27.1bc 24.8b 12.7bc 60.9ab 8.9bcd 1.7bc
31 \Y, 3 15.9bc 14.0b 6.7bc 51.7abc 7.3bcd 4.6abc
31 \Y 3 0.5c 0.4b 0.2c 5.1c 0.6cd 0.3bc
Total 44.2 39.8 19.9 119.1 17.0 6.7
100 Il 3 0.7c 0.7b 0.3c 1.6¢ 0.2d 0.1c
100 1 3 41.7b 37.9b 19.5b 72.8a 11.7bcd 1.7bc
100 \Y, 3 22.3bc 19.6b 9.4bc 72.5a 10.3bcd 6.5a
100 \Y 3 1.0c 0.8b 0.4c 9.7bc 1.1cd 0.5bc
Total 65.7 59.0 29.7 156.5 23.3 8.8

Columns followed by the same letters do not differ significantly using Duncan’s multiple range test with alpha = 0.05.
All values are based on plot averages; thus “N” refers to the number of plots sampled in each stand.
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year-old stand was significantly greater than any other
class within that stand and across all stands. In the 80-100
year-old stand, the volume of Class Ill DDW was
significantly greater than the volume of Class Il or Class V
DDW, but there was no significant difference in DDW mass
by decomposition class in either the 31 or 80-100 year-old
stands.

The C, N, S, and P content of the down dead wood
followed a somewhat different trend than the distribution of
DDW volume and mass. Although the mass and C content
of Class Il material is greater than Class IV material in all
three stands, the amount (kilograms per hectare) of N, S,
and P held in these two classes of DDW is similar. Lower
C:element ratios (table 4) in Class IV material account for
the similarity in the amount of nutrients held in DDW of
these two classes despite the difference in DDW mass.
Class V DDW had the least mass (megagrams per
hectare) and nutrient content (kilograms per hectare).
Class Il material was also a very small component of the
DDW mass and nutrient content in the 31 and 80-100 year-
old stands. The amount of down dead wood mass (metric
tons per hectare) and nutrients generally did not differ
significantly by location within a log (table 5).

The bulk density and C:N ratio of down dead wood,
however, did show significant trends by decay stage and
location (table 4). The density of outer sapwood and bark
of Class I, I, and 1ll DDW is significantly greater than Class
IV and V DDW. The density of the inner heartwood of
Class | and Il material is also significantly greater than
Class IV and V material. The C:N ratio of inner heartwood
decreased significantly from Class | to Il DDW and was
significantly greater than Class IV and V material. Outer
sapwood and bark C:N ratios of Classes I, I, and Il were

significantly lower than the inner heartwood C:N ratios of
Class I, Il, and Il material.

DISCUSSION

The mass and distribution of down dead wood (DDW) in
this study was consistent with that found in other studies in
the Central Hardwood Region. The trend of decreasing
DDW mass with increasing stand age is supported by the
work of Jenkins and Parker (1997), which was also
conducted in southern Indiana hardwood forests. They
found that Class 11l DDW dominated the volume of total
DDW in stands of different ages. Although the number of
pieces of Class IV and V DDW may be expected to
increase with stand age, the volume and mass of DDW
may still be dominated by Class Il logs, which retain much
more of their original mass and volume than DDW in later
decay stages.

Although our study was of stands in the same geographical
region as those of Jenkins and Parker (1997), our results
suggest a greater volume and mass of Class Il DDW in
recently-harvested stands and a greater volume and mass
of Class IV DDW in all age stands. Part of this discrepancy
is probably due to the limited nature of our study. We
investigated only one stand per age class, whereas
Jenkins and Parker (1997) studied many stands per age
class. However, part of this discrepancy may be due to the
fact that different stand ages were investigated in the two
studies. Our study included stands aged 1, 31, and 80-100
years since harvest. Jenkins and Parker (1997)
investigated stands 8-12, 12-16, and 80-100 years of age.
Although they did not study stands younger than 8 years
after harvest, they hypothesized that Class Il material
would dominate stands less than 12 years of age.
McCarthy and Bailey (1994) assessed the coarse woody

Table 4—Indicators of down dead wood decay across a 100-year
chronosequence of upland oak-hickory forests in southern Indiana

Decay

class In/out N Density C:N C:P
Mg/m?®

I Out 3 0.930ab 220:1c 2903:1c

I Out 3 0.938ab 172:1c 2533:1c

Il Out 3 0.932ab 144:1c 2893:1c

I In 3 0.921ab 839:1a 20622:1bc

I In 3 0.950a 861:1a 35533:1ab

I In 3 0.901bc 419:1b 48400:1a

v — 3 0.878c 130:1c 1550:1c

\% — 3 0.816¢c 42:1c 854:1c

Values within a column followed by the same letter do not differ significantly using

Duncan’s multiple range test with alpha =

0.05.

All values are based on the average across all three stands; thus “N” refers to the number

of stands sampled.

“In” refers to the inner heartwood of a log cross-section, more than 2.5 cm from the outer
edge of the log. “Out” refers to the outer 2.5 cm of a log cross-section, including the bark

and sapwood.
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Table 5—Volume, mass, and nutrient content of down dead wood by decay stage and location across a 100-year
chronosequence of upland oak-hickory forests in southern Indiana

Decay
Age class In/out N Volume Mass C N S P
Yrs m/ha - Mg/ha-----==-== e Kg/ha----=--=n-nmnnun
1 1 In 3 49.3a 46.9a 23.9a 20.6bcd 4.2bc 0.1c
1 1] Out 3 41.5ab 38.3ab 18.9ab 59.4ab 22.2a 4.7ab
31 1] In 2 0.2d 0.2d 0.1d 0.2e 0.0c <0.0c
31 Il Out 2 0.4d 0.4d 0.2d 1.3de 0.2c 0.1c
100 Il In 3 0.2d 0.2d 0.1d 0.2e 0.0c <0.0c
100 Il Out 3 0.5d 0.4d 0.2d 1.4de 0.2c 0.1c
1 1 In 3 22.0bcd 20.1bcd 10.4bcd 13.2cde 3.2c 0.1c
1 1] Out 3 16.3bcd 15.2bcd 7.7bcd 29.2bcde 14.3ab 1.8bc
31 11 In 2 14.5bcd 13.1bcd 6.8bcd 16.5cde 3.2¢ 0.2c
31 1] Out 2 12.6cd 11.7cd 6.0bcd 44.3abcd 5.7bc 1.5bc
100 1] In 3 31.1labc 28.0abc 14.5abc 35.5abcde 6.9bc 0.4c
100 1] Out 3 10.6cd 9.9cd 5.0cd 37.3abcde 4.8bc 1.2bc
1 v —_ 3 17.8bcd 15.7bcd 7.5bcd 27.9bcde 14.6ab 4.9ab
31 \Y — 2 15.9bcd 14.0bcd 6.7bcd 51.7abc 7.3bc 4.6ab
100 \Y — 3 22.3bcd 19.6bcd 9.4bcd 72.5a 10.3bc 6.5a
1 \% — 3 1.2d 1.0d 0.5d 5.5de 7.4bc 4.6ab
31 \% — 2 0.5d 0.4d 0.2d 5.1de 0.6¢ 0.3c
100 \Y —_ 3 1.0d 0.8d 0.4d 9.7cde 1.1c 0.5¢

Values within a column followed by the same letters do not differ significantly using Duncan’s multiple range test with alpha = 0.05.
All values are plot averages; thus “N” refers to the number of plots sampled within each stand.
“In” refers to the inner heartwood of a log cross-section, more than 2.5 cm from the outer edge of the log. “Out” refers to the outer 2.5 cm of a

log cross-section, including the bark and sapwood.

debris volume and mass of forest stands in the Central
Appalachians that ranged in age from clearcut to old-
growth. As in our study, they found that Class Il CWD
dominated the clearcut stand. They also found that Class
IV and V material was more abundant in older forest
stands than is suggested by Jenkins and Parker (1997),
also similar to the results of our study.

The differences we found with respect to DDW density and
C:N ratios among the different classes, I-V, lends chemical
support to the class distinctions of coarse woody debris
made in the field. If these class distinctions are to have any
meaning with respect to patterns of nutrient cycling, one
would expect there to be significant differences with
respect to C:element ratios. The differences between the
bark plus sapwood and heartwood C:N ratios, however,
illustrate the importance of distinguishing these two
components of DDW. The initial chemical composition of
these two substrates is different, and this may affect their
decay dynamics. By the time DDW reaches Class lll, the
bark and sapwood are porous, loose or absent, indicating
that there is substantial decay of this material. However,
the inner heartwood is often still intact. This visual
evaluation is supported by the lower C:element ratios of
outer woody material versus inner woody material in
Classes | and II. Although tree species may differ with
respect to outer wood and inner wood decay rates, higher

C:N ratios in outer wood than inner wood is to be expected
among most live woody plants.

It is generally thought that a C:N ratio of 15:1 to 30:1 is
necessary for net mineralization of nitrogen from organic
residues in soil systems (Foth, 1978). The C:N ratios of
DDW of all decomposition classes in this study were
greater than 40:1. However, there is no experimental
evidence to substantiate claims concerning the critical
C:element ratios for net mineralization of N, P, or S from
coarse woody debris. There have been studies in a variety
of forest types that have investigated mass loss and
nutrient concentrations in CWD at different stages of
decomposition (Macmillan 1988, Abbott and Crossley
1982, Lang and Forman 1978). None of these, however,
have investigated N, P, or S mineralization and
immobilization patterns directly. Laboratory and field
studies on the decomposition and nutrient mineralization of
leaf, forest floor, and fine root litter are abundant, but
studies with CWD are surprisingly absent from the
literature.

Although nutrient mineralization and immobilization
patterns of decaying DDW are difficult to assess at present,
there is evidence that suggests DDW decay rates are
related to C:N ratios. Macmillan (1988) found that DDW
density was highly correlated with the DDW C:N ratio for

65



oak (Quercus), hickory (Carya), maple (Acer), and beech
(Fagus) DDW. We also found a significant relationship
between density of different decomposition classes and the
C:N ratio, but only when inner heartwood was examined
(data not shown).

One of the visual cues that distinguishes Class Il from
Class Il DDW is the onset of significant bark slippage and
the absence of most smaller limbs. Because the bark and
outer woody tissues are higher in N, S, and P, they would
be expected to decay at a rate much faster than the inner
heartwood material. This more rapid decay means that
Class Il DDW quickly progresses into Class Ill DDW. A
major difference between Class Il and Class IV DDW is
the integrity of the inner woody material. Because this
material has a much lower N, S, and P content initially, it
decays much more slowly than the sapwood and bark.
Therefore, the transition between Class Il and Class IV is
more gradual and lengthy than the transition from Class Il
to Class lll. Given this set of circumstances, it is easy to
understand why DDW in most stands is dominated by
Class Ill material. Future research on DDW decay and
nutrient dynamics should focus on direct examinations of
nutrient mineralization and immobilization patterns so that
critical C:element ratios can be established. Also, Van Lear
(1993) has pointed out that we know almost nothing about
the amount and decay of coarse root systems after a
harvest or canopy tree death. Studying this type of coarse
woody debris presents methodological challenges, but we
will not have a full picture of forest nutrient cycling until this
gap in our knowledge is filled.

CONCLUSIONS

Our first hypothesis stated that we expected the volume
and mass of down dead wood in the recently clearcut
stand to be significantly greater than in the 31 and 80-100
year-old stands. Although there is a large difference in the
volume and mass between the recently clearcut and the
other stands, we did not find a significant difference. This is
most likely due to the high degree of variation between
plots within a stand and the low number of plots (2 or 3) in
each stand used to estimate volume and mass of DDW.
However, our results did follow the same general trend that
Jenkins and Parker (1997) and McCarthy and Bailey
(1994) found for other Central Hardwood forest stands.

Our second hypothesis stated that the most abundant
down dead wood class in the 1 year-old stand would be
Class II; whereas, decomposition classes Il and IV would
be the most abundant DDW classes in the 31 and 80-100
year-old stands. This hypothesis was supported by our
results. This is somewhat different than what was found by
Jenkins and Parker (1997), but it agrees well with the
findings of McCarthy and Bailey (1994). The rapid
decomposition of the sapwood and bark and the slow
decomposition of the inner heartwood are probably the
main reasons Class Il DDW is so abundant in forest
stands of all ages. Our final hypothesis stated that we
expected the density and C:element ratios to decrease with
increasing decomposition class. This hypothesis is true for
density and the C:N ratios of inner heartwood DDW. There
was a significant decrease in the C:N ratio from Classes |
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and Il to Class Il and from Class Il to Classes IV and V for
the inner heartwood material. These differences in density
and C:N ratio between decomposition classes lend direct
chemical support for the classification schemes used to
distinguish the different decomposition stages of coarse
woody debris. However, they also illustrate the
heterogeneous nature of material within a piece of DDW
and the need to study different fractions within a log as well
as different decay classes of whole logs.
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RENEWING A FOREST ECOSYSTEM IRRIGATED WITH TREATED WASTEWATER

L.M. Ahlswede, T.W. Bowersox and D.R. Jacobs *

Abstract— Treated wastewater is being irrigated on declining upland forest ecosystems in central Pennsylvania. To renew
the forest community, four clearcut treatments were administered to determine the effects of season of harvest and residue
on the resulting vegetation. Two years after the clearcut treatments, forb, grass and vine plants covered > 90 percent of the
ground surface. Densities of naturally occurring seedling- and sapling-sized stems of shrub and tree species were
insufficient for a fully stocked forest stand. Two years after clearcutting, the average densities of shrub and tree seedling-
sized stems were 3,056 and 1,319 stems per hectare, respectively. The average densities of shrub and tree sapling-sized
stems were 1,209 and 846 stems per hectare, respectively. There were some significant differences in densities among
clearcut treatments, however, there was no consistently better treatment after two years.

Artificial regeneration was used to augment natural regeneration. Green ash (Fraxinus pennsylvanica Marsh.), quaking
aspen (Populus tremuloides Michx.), northern red oak (Quercus rubra L.) and pin oak (Q. palustris Muenchh.) were planted
to evaluate their potential survival and growth in the wastewater conditions. At the end of the two growing seasons, overall
average survival was 98 percent for green ash and 88 percent for quaking aspen. These two species responded to the
additional nutrients and water, and after two growing seasons had overall average total heights of 156 centimeters and 222
centimeters, respectively. Neither northern red oak nor pin oak survived or grew as well as the green ash and quaking
aspen. After two growing seasons, the oaks were smaller than when originally planted. Green ash and quaking aspen
showed excellent potential to respond to the wastewater irrigation conditions and can be used to renew the forest stands.

INTRODUCTION

Disposal of sewage effluent has become a major problem
for many municipalities due to escalating human
populations and stricter regulatory controls on disposal
methods. Nutrient-rich wastewater from sewage treatment
plants is usually discharged into nearby rivers or lakes,
often leading to serious environmental problems through
eutrophication of aquatic systems. Disposal of secondary
treated sewage effluent on land has several potential
advantages, including reducing stream pollution and
recharging ground water reserves (Sopper and Kardos
1973).

Experiments conducted in forested communities have
shown that spray irrigation with chlorinated sewage effluent
caused changes in the structure and species composition
of vegetation. Increased rates of tree growth and plant
biomass, altered species composition of ground-level
vegetation, and decreased production and survival of
native shrub and tree species have all been reported
(Brister and Schultz 1981, Epstein and Sawhill 1977,
Sopper and Kardos 1973). It is believed that these changes
are due to the addition of nutrients and water to the soil
and damage caused by ice loading during winter.

In 1983, The Pennsylvania State University engaged in a
full-scale spray-irrigation system for municipal wastewater
on 209 hectares of farm and forest land owned by the
Pennsylvania Game Commission. The forest land contains
ecosystems that are important landscape features to a
comprehensive land application system. These include
important noise and visual screens for adjacent

landowners, all-season wastewater receptors, nutrient
accumulators, and habitats for wildlife. The irrigation
schedule of 5 centimeters of wastewater per week for 52
weeks, since 1983 had reduced the upland forest overstory
density by 33 percent. Many of the remaining 75 to 125
year old trees were in a poor state of health (Larrick and
Bowersox 1999). The irrigated forest generally had upper
soil nitrate-nitrogen levels > 10 milligrams/liter, which was
above the U.S. Public Health potable water standards. This
illustrated that the irrigated forest was not renovating the
wastewater and needed to be renewed (Storm 1995).

In 1992, an exploratory study with 0.4-hectare units was
designed to examine the potential to replace the
deteriorating overstory with young vegetation. This study
investigated how the amount of irrigation and seasonal
timing of application could affect species composition of a
forest community being regenerated by clearcutting. This
study indicated that woody vegetation was markedly
reduced in clearcuts irrigated with 5 centimeters of treated
wastewater for 52 weeks per year; forb and vine plants
dominated these areas. Clearcuts irrigated with 5
centimeters of wastewater for 26 weeks (during the
growing season only) contained more shrub and tree
stems, but were still dominated by forb and vine plants.
The soil nitrate-nitrogen in the young clearcuts was < 10
milligrams/liter, demonstrating that the young vegetation
can reduce the amount of nitrogen in the soil percolate
(Storm 1995).

In 1995, a research study was implemented to determine
how the wastewater irrigated forest stands could be
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renewed. Three, 8-hectare clearcuts were installed to
examine the effect of four harvest treatments on the
resulting plant community which was being irrigated weekly
with 5 centimeters of wastewater from May through
October. This paper presents the first and second year
responses of the ground cover plants, naturally occurring
understory shrubs and trees, and artificially regenerated
tree species to four clearcut harvest treatments.

PROCEDURES

The study area was located in central Pennsylvania, 2
kilometers north of State College. The gently rolling terrain
is in the Ridge and Valley region (Lull 1968) on lands
managed by the Pennsylvania Game Commission. The
Pennsylvania State University operates a wastewater
irrigation system over the study area. Treated wastewater
is distributed by aboveground sprinkler-heads that rotate
360 degrees for even distribution. The soil was Morrison
sandy loam (Ultric, Hapludalf; fine, loamy, mixed, mesic).
Site quality was about average, and if occupied by even-
aged mixed oak stands, the site index would be about 20
meters at 50 years.

Plant response to season of cutting and residue were
studied in an area clearcut in 1995-96. There were three,
8-hectare replications of four, 2-hectare treatment units for
a total area of 24 hectares. Each replication contained four
harvest treatments which were: Summer/Remove with
complete tree removal (cut in August 1995);
Summer/Leave with no tree removal (cut in September
1995); Winter/Remove with complete tree removal (cut in
January 1996); and Winter/Leave with no tree removal (cut
in February 1996). Removal treatments were done by
feller-buncher and grapple skidder combination. Leave
treatments were done by directional felling with chainsaws,
and all residue was lopped to within 1 meter of the ground.
All shrubs and trees > 2 centimeters d.b.h. were severed at
< 30 centimeters above ground in all treatments. There
was greater disturbance in the Remove treatments than in
the Leave treatments caused by the dragging of felled
stems across the seedbed. Between the Summer/Remove
and Winter/Remove treatments, the latter had less impact
because the presence of snow on the ground protected the
seedbed.

Inventories of ground cover, and abundance of shrub and
tree seedling-sized stems (1 to 150 centimeters in height)
and sapling-sized stems, including stump sprouts (151
centimeters in height and 1 to 10 centimeters in diameter),
were conducted in 1995 to determine the understory
composition prior to harvest treatment. During the first
(1996) and second (1997) growing seasons after harvest
treatment, these inventories were continued on randomly
located permanent plots. There were 144 pairs of fenced
and unfenced 2-square meter plots (12 pairs per treatment
per replication) for the ground cover and seedling
inventories, and 96, 100-square meter plots (8 per
treatment per replication) for the sapling inventories.
Ground cover was separated into three categories: forbs
(including broadleaf herbaceous plants), grass, and vine
plants (both woody and non-woody). Annual estimations of
cover, to the nearest 5 percent were made in August.
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Densities of seedling-sized stems by height and species,
and densities of sapling-sized stems by d.b.h and species,
were measured at the end of each growing season.

Seedlings of four hardwood tree species were planted in
spring of 1996 to determine their potential to survive and
grow in the wastewater irrigated clearcuts. The species
planted as bareroot seedlings were green ash, quaking
aspen, northern red oak and pin oak. Plantings were in four
pairs of 18-square meter fenced and unfenced plots per
treatment unit. A 2 percent solution of glyphosate was
sprayed prior to planting to reduce competition. Hand-
weeding was done during the rest of the growing season.
The fence was 1.3-meters tall and used to deter deer
browsing of the planted seedlings. A total of 1,152 bareroot
seedlings of each species were planted at a 1-tree/0.5
square meter density. The initial height of each of the
seedlings was recorded shortly after planting. Survival and
height were measured at the end of the first and second
growing seasons. Evidence of browsing was recorded at
the end of each growing season, and also in April of 1997
to determine damage caused by white-tailed deer
(Odocoileus virginianus).

From 1983 to 1995, the study area received 5 centimeters
of wastewater irrigation for 52 weeks each year. In 1996
and 1997, these areas were irrigated with 5 centimeters of
wastewater weekly for 26 weeks (May 1 to October 31).
Irrigation during the winter months was avoided so that
regeneration was not damaged by ice loading. The nutrient
concentration of the applied effluent can vary considerably
depending on the volume of incoming wastewater to the
treatment facility, as well as the procedures used to
analyze it. Table 1 is a coarse estimate of some of the
nutrients added to the study site.

A completely random experimental design was used.
Analysis of variance (a = 0.05) was used to test replication,
treatment and fence (where appropriate)on: ground cover,
density of naturally occurring seedlings and saplings, and
survival and growth of planted seedlings. Percentage data
was arcsine transformed prior to analysis. Tukey’s HSD
mean separation procedure (a = 0.05) was used to
determine significant differences between treatments.

RESULTS AND DISCUSSION

Naturally Occurring Plants

Ground cover —Prior to overstory removal, forb, grass and
vine coverages were not significantly different among
harvest treatments (Table 2). Overall, forb (22 percent),
grass (1 percent), and vine (8 percent) plants covered
about 30 percent of the ground surface prior to clearcutting.

In 1996, the average coverage of both forb and vine plants
was significantly different among treatments (Table 2). The
Winter/Leave treatment had the least amount of forb
coverage (60 percent) and the most vine coverage (24
percent) of all the treatments. Grass coverage did not differ
significantly among treatments in 1996, and the overall
average coverage was 2 percent (Table 2).



Table 1—Amount of nitrite-N, nitrate-N, phosphorus, calcium and magnesium
annually added in the wastewater from 1983 through 1995% and 1996-1997°.
Values were based on treatment plant output concentration values, which varied
considerably, depending on analytical method, supply to and procedures at the

treatment plant

Period Nitrite-N Nitrate-N Phosphorus  Calcium  Magnesium
----------------------------- Kg/ha -=======cemmmmm e
1983-1995 79 69 95 1,188 581
1996 1 32 53 647 330
1997 1 37 79 568 277

@ Based on 52 weeks of 5 cm of wastewater per week
b Based on 26 weeks of 5 cm of wastewater per week

Table 2—Average? forb, grass and vine coverage for the
harvest treatments, by species group, for before (1995),
one year after (1996) and two years (1997) after clearcut

Year and
harvest treatment Forb Grass Vine
----------- Cover pct -----------
1995
Summer/remove 24a Oa 10a
Summer/leave 23a Oa 7a
Winter/remove 20a Oa 6a
Winter/leave 20a 2a 8a
Overall 22C 1A 8C
1996
Summer/remove 75a 2a 9b
Summer/leave 77a 4a 14ab
Winter/remove 72a la 12ab
Winter/leave 60b Oa 24a
Overall 71A 2A 15B
1997
Summer/remove 66a 3a 26a
Summer/leave 67a ba 22a
Winter/remove 63a la 30a
Winter/leave 63a la 30a
Overall 65B 3A 27A

@ Values within each species group by year with the same lower
case letter were not significantly different at the 0.05 level. Overall
treatment values among years within each species group with the
same upper case letter were not significantly different at the 0.05
level.

In 1997, there were no significant differences among
harvest treatments as to average forb, grass and vine
coverage values (Table 2). Overall, the average coverage
of forb (65 percent), vine (27 percent), and grass (2
percent) plants amounted to a total of 94 percent of ground
cover during the second growing season.

Approximately twelve forb species were found in the
irrigated clearcut areas. Garlic mustard (Alliaria petiolata
(Bieb.) Cavara & Grande) and spotted touch-me-not
(Impatiens capensis) comprised most of the forb cover in
the clearcuts. These two species tend to dominate any
area when present. There were five vine species found in
the clearcuts. Bittersweet nightshade (Solanum
dulcamara L.) was the most abundant vine species
followed by Virginia creeper (Parthenocissus quinquefolia
(L.) Planch).

There were distinctly different post-treatment seedbed
conditions among the four harvest treatments, which we
expected would have influenced the different forb and vine
communities. It was our observation that the Winter/Leave
and Summer/Leave treatments had more vine coverage
than the Summer/Remove and Winter/Remove treatments,
however this was not reflected in the data. Sampling
intensity may not have been adequate to detect significant
differences in the ground coverage among treatments.

Averaged over all harvest treatments, there were
significant, temporal differences in forb and vine coverages
(Table 2). The coverage values were all significantly
different after the clearcut treatments. Forb coverage
increased from 22 percent before the clearcut to 71 percent
in the first year after the clearcut and then declined to 65
percent in the second year. This suggests that forb
coverage may have reached a maximum level during the
first growing season after the clearcuts and was beginning
to decline. Vine coverage was significantly different among
all inventories. Coverage increased with time in all of the
treatments and was becoming a major component of the
plant community.

Seedling-sized stems —Inventories conducted prior to
clearcutting indicated that there was an overall average
density of 365 shrubs and 538 tree seedling-sized stems
per hectare (Table 3). There were no significant differences
among treatments in the density of shrub and tree
seedling-sized stems per hectare prior to overstory
removal.
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Table 3—Average® density of shrub and tree species
seedling-sized stems for the harvest treatments, before
(1995), one year after (1996) and two years (1997) after
clearcut

Species and
harvest treatment 1995 1996 1997
------------ Stems/ha ------------
Shrubs
Summer/remove 139a 555a 1,181b
Summer/leave 972a 1,181a 5,208a
Winter/remove 69a 349a 3,472ab
Winter/leave 278a 138a 2,361b
Overall avg. 365B 556B 3,056A
Trees
Summer/remove 69a Oa 208b
Summer/leave 1,806a 833a 2,639a
Winter/remove 69a 139a 2,083a
Winter/leave 208a 139a 347ab
Overall avg. 538B 278B 1,319A

@ Harvest treatment values by species group within each year with
the same lower case letter were not significantly different at the
0.05 level. Overall treatment values among years within each
species group with the same upper case letter were not
significantly different at the 0.05 level.

One year after clearcutting (1996), the overall density of
shrub seedling-sized stems increased from 365 to 556
stems per hectare (Table 3). There was no significant
difference among treatments in the density of shrub
seedling-sized stems after overstory removal. The overall
average density of tree seedling-sized stems decreased
from 538 to 278 stems per hectare one year after overstory
removal. There were no significant differences among
treatments.

Two years after the clearcut treatments (1997), the overall
average density of shrub seedling-sized stems increased to
3,056 from 556 stems per hectare, and there were
significant differences among treatments (Table 3). The
density of tree seedling-sized stems also increased in the
second year after treatment. Overall, the average density
of tree seedling-sized stems was 1,319 per hectare and
there were significant differences among treatments. The
Summer/Leave and Winter/Remove treatments had the
greatest densities of both shrub and tree seedling-sized
stems. Both of these treatments had two replications that
bordered existing forest stands and as such may have
recruited more individuals.

Over all the harvest treatments, the density of seedling-
sized stems of both shrub and tree species were
significantly different among inventories. The average
density of shrub seedling-sized stems in 1997 (3,056
stems/hectares) was significantly different than in 1996
(556 stems/hectares) and prior to clearcutting (365
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stems/hectares). Tree seedling-sized stem average density
was also significantly different in 1997 (1,319
stems/hectares) than in 1996 (278 stems/hectares) and
prior to the clearcut treatments (538 stems/hectares) (Table
3). Except for the Winter/Remove treatment, there were no
marked changes in the densities of shrub and tree
seedling-sized stems among the three inventories (Table
3). The Winter/Remove treatment had a substantial
increase in both shrub and tree seedling-sized stems in
1997 compared to 1995 and 1996. With this one exception
and the overall low densities, there was no strong evidence
that any of the four treatments really made a difference in
the success of securing a desirable stocked stand.

Sapling-sized stems —Prior to overstory removal, the
overall average density of shrub sapling-sized stems was
1,318 per hectare, and there were significant differences
among treatments (Table 4). The overall average density of
tree sapling-sized stems was 392 stems per hectare and
there were no significant differences among treatments.

One year after the clearcut treatments (1996), the overall
average density of shrub sapling-sized stems decreased
from 1,318 to 309 stems per hectare (Table 4). There were
significant differences among the four treatments. The
Winter/Remove treatment had a significantly different
density of sapling-sized stems (1,004 stems/hectares) than
the Summer/Leave, Summer/Remove, and Winter/Leave
treatments (8, 191, and 33 stems/hectares, respectively).
The overall average tree sapling-sized density also
decreased one year after the clearcut treatments from 392

Table 4—Average? density of shrub and tree species
sapling-sized stems for the harvest treatments, before
(1995), one year after (1996) and two years (1997) after
clearcut

Species and
harvest treatment 1995 1996 1997
------------ Stems/ha ------------
Shrubs
Summer/remove 458b 191b 321b
Summer/leave 758b 8b 1,058ab
Winter/remove 2,608a 1,004a 933ab
Winter/leave 1,446ab 33b 2,525a
Overall avg. 1,318A 309B 1,209A
Trees
Summer/remove 361a 13a 549a
Summer/leave 294a 8a 975a
Winter/remove 349a 8a 935a
Winter/leave 575a 29a 950a
Overall avg. 392B 15C 846A

@ Harvest treatment values by species group within each year with
the same lower case letter were not significantly different at the
0.05 level. Overall treatment values among years within each
species group with the same upper case letter were not
significantly different at the 0.05 level.



to 15 stems per hectare and there were no significant
differences among treatments.

In 1997, two years after clearcutting the average density of
shrub sapling-sized stems increased to 1,209 from 309
stems per hectare and there were significant differences
among the four treatments (Table 4). The Winter/Leave
treatment had a significantly different average density of
shrub sapling-sized stems (2,525 stems/hectares) than the
Summer/Remove treatment (347 stems/hectares). The
Summer/Leave and Winter/Remove treatments were not
significantly different from the other two treatments with
1,770 and 933 shrub sapling-sized stems per hectare,
respectively. The overall average density of tree sapling-
sized stems two years after clearcutting was 846 per
hectare, which was more than twice the amount of stems
found prior to the clearcut treatments.

There were significant differences among years in the
densities of shrub and tree sapling-sized stems (Table 4).
The overall average density of shrub sapling-sized stems in
1997 (1,209 stems/hectares) was not significantly different
from the average density in 1995, prior to clearcutting
(1,318 stems/hectares). The density of shrub sapling-sized
stems in 1996 (309 stems/hectares) was significantly
different from both the 1995 and 1996 densities. The
average density of tree sapling-sized stems in 1997 (846
stems/hectares) was significantly different than in 1996 (15
stems/hectares)and prior to overstory removal (392
stems/hectares).

The density of tree and shrub sapling-sized stems initially
decreased after the clearcut because all sapling-sized
stems were intentionally removed during harvest. Both the
densities of shrub and tree sapling-sized stems increased
during the second year of the study, but were still
insufficient for stocking the forest stands.

Forb and vine plants prior to clearcutting covered about 30
percent of the ground layer. By the end of two growing
seasons, the coverage had increased to nearly 90 percent.
Forb plants were frequently > 1 meter tall and vines
completely entangled seedlings. The degree to which these
plants were influencing the survival and growth of the shrub
and tree reproduction was not measured in this study. Over
all harvest treatments, there were 1,337 seedling-sized and
846 sapling-sized tree stems per hectare two years after
clearcutting. The reproduction contained a greater
proportion of black cherry (Prunus serotina Ehrh.), red
maple (Acer rubrum L.) and white ash (Fraxinus americana
L.), and fewer oak (Quercus spp.) and hickory (Carya spp.)
stems than were present in the pre-treatment overstory.
Stump sprouting accounted for very few individuals that
occurred in the natural regeneration of the stand. The
greater diversity indicated that there was a potential for
other tree species to become established and grow in the
wastewater conditions, but at lower densities than desirable
using either the Marquis and others (1992) or Bowersox
and others (1998) standards. The Marquis and others
standard requires a minimum of 3,330 seedling-sized or
1,334 sapling-sized stems per hectare to have adequate

stocking on 70 percent of the area. The standard that
Bowersox and others are using in a model being tested in
mixed-oak stands of central Pennsylvania requires a
minimum of 25,950 tree seedling-sized or 2,595 tree
sapling-sized stems per hectare to recommend
clearcutting. Based on these two years of data, it is clear
that clearcutting the present stands, without augmentation
and possibly vegetation control, will not produce a fully
stocked forest stand.

Artificial Regeneration

Green ash, quaking aspen, northern red oak, and pin oak
were selected to enhance natural regeneration because of
their potential value to wildlife and their capability to
respond to the additional water and nutrients. Green ash is
a fast-growing species that grows best on fertile, moist,
well-drained soils (Kennedy 1990). Quaking aspen, another
fast-growing species grows best on well-drained, loamy
soils that are high in organic matter, calcium, magnesium,
potassium, and nitrogen (Perala 1990). Northern red oak is
moderate- to fast-growing and achieves its best growth on
deep, well-drained loam to silty-clay loam soils (Sanders
1990). Pin oak is found on poorly-drained alluvial
floodplains and river bottoms, and it is also fast-growing
(McQuilkin 1990).

The first-year survival of the four planted tree species was
excellent (Table 5). Northern red oak had the lowest overall
average survival of 91 percent, while green ash had 100
percent survival. Green ash and quaking aspen did not
have significantly different survival among the four harvest
treatments. There were significant differences among
treatments for the survival of both oak species.

Height growth and total height for the first growing season
varied among species, and within species among
treatments (Table 5). Green ash planted seedlings had
good height growth during the first growing season.
Overall, green ash seedlings grew 45 centimeters and
were 107 centimeters tall at the end of the first growing
season (Table 5). Both the Summer/Leave and
Summer/Remove treatments had an average height growth
of 47 centimeters and were significantly different from the
Winter/Leave (41 centimeters) and the Winter/Remove (43
centimeters) treatments. The overall average total height
(107 centimeters) of the green ash seedlings was not
significantly different among treatments.

Quaking aspen had the greatest average height growth
and average total height of all four species planted.
Overall, quaking aspen planted seedlings grew 105
centimeters and were 134 centimeters tall after the first
growing season. The Summer/Remove treatment had the
greatest average height growth (131 centimeters) and total
height (158 centimeters) and was significantly different
from the other three treatments.

Northern red oak and pin oak did not attain the height
growth in the first growing season that the quaking aspen
and the green ash did. Height growth was significantly
different among treatments for both oak species (Table 5).
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Table 5—Average? first and second year survival, height growth and total height for
planted green ash, quaking aspen, northern red oak and pin oak seedlings, by
harvesting treatment

First year Second year
Height  Total Height  Total
Species Survival growth  height Survival growth  height
Pct  -------- cm -------- Pct  -------- cm-------
Green ash
Summer/leave 100a 47a 109a 99a 44b 165a
Summer/remove 100a 47a 110a 99a 60a 152ab
Winter/leave 100a 41b 106a 99a 56a 144b
Winter/remove 100a 43b 104a 97a 45b 159ab
Overall avg. 100 45 107 98 51 156
Quaking aspen
Summer/leave 100a 100b 125b 89ab 104b 279a
Summer/remove 98a 131a 158a 92a 128a 215b
Winter/leave 100a 99b 133b 87b 98b 175c¢
Winter/remove 99a 88b 121b 85b 80c 218b
Overall avg. 99 105 134 88 104 222
Northern red oak
Summer/leave 93a 13ab 47a 53a la 29a
Summer/remove 93a 15a 48a 56a la 28a
Winter/leave 87b 12b 50a 4la -la 2la
Winter/remove 92a 11b 48a 42a la 20a
Overall avg. 91 13 48 48 1 25
Pin oak
Summer/leave 100a 10a 32a 85a Oa 24b
Summer/remove 99a 10a 29b 71b 2a 28a
Winter/leave 98a 9b 27¢ 77ab la 24b
Winter/remove 96b 8b 28bc 79a la 22b
Overall avg. 98 9 29 78 1 25

2 There were 288 bare-root seedlings per species planted in each of the four harvest treatments.
Harvest treatment values within each species and year with the same letter were not significantly

different at the 0.05 level.

Northern red oak did not significantly differ in average total
height among treatments and the overall average total
height was 48 centimeters. Pin oak significantly differed in
total height among treatments, but the amount of growth
was very low in all treatments, averaging 9 centimeters
(Table 5).

At the end of the first growing season, all four species had
better height growth (Table 5) in the Summer harvest
treatments than in the Winter harvest treatments. There did
not seem to be any consistent patterns in height growth
between residue treatments (Remove vs. Leave) or in total
height among season and residue treatments.

After the second growing season the green ash and
quaking aspen continued to have high survival, but there
was a dramatic decrease in the survival of the two oak
species (Table 5). Overall, green ash had 98 percent
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survival and quaking aspen had 88 percent survival.
Northern red oak had the greatest decline in survival from
91 percent to 48 percent (Table 5). Pin oak survival also
declined, from 98 percent to 78 percent at the end of the
second growing season.

Green ash and quaking aspen continued to respond with
vigorous height growth during the second growing season.
Over all harvest treatments, green ash grew an average of
51 centimeters (Table 5). Green ash had significantly
different height growth among treatments with the
Summer/Remove (60 centimeters) and Winter/Leave (56
centimeters) treatments being significantly different from
the Summer/Leave (44 centimeters) and Winter/Remove
(45 centimeters) treatments. The overall average total
height was 156 centimeters and there were significant
differences among treatments.



In the second growing season, quaking aspen had the
greatest height growth and obtained the tallest total height
of all four species. Overall, quaking aspen grew an average
of 104 centimeters and averaged 222 centimeters in height
(Table 5). Summer/Leave (104 centimeters) and
Winter/Leave (98 centimeters) treatments were significantly
different from the Winter/Remove (80 centimeters)
treatment, but not from each other. All three of these
treatments were significantly different from the
Summer/Remove treatment, which had the greatest
average height growth of 128 centimeters.

Second-year average height growth and average total
height for the two oak species were lower than the
averages obtained in the first year of the study (Table 5).
Overall average height growth of northern red oak and pin
oak was 1 centimeter each, and the overall total height of
both species averaged 25 centimeters. Overall, both the
northern red oak and pin oak failed to demonstrate
acceptable growth in these wastewater conditions. Neither
of the oaks would be able to surpass the canopy of the
competing forb, grass and vine plants.

At the end of two growing seasons, it was determined that
the quaking aspen and green ash seedlings had
acceptable height growth and could be used to regenerate
the irrigated clearcuts. There does not seem to be any
consistent evidence to suggest which treatment may be the
best for artificially regenerating the irrigated forest.

White-tailed deer browsing in the first growing and dormant
season was less than 10 percent of all planted seedlings.
In the spring of the second growing season, before and
after bud break, browsing became a frequent occurrence in
the fenced and unfenced plots. The number and average
two-year total height of the browsed and not-browsed
planted seedlings are presented in Table 6. There was a
significant difference in the species-specific heights

between the seedlings that were not browsed and those
that were browsed. The average height of the non-browsed
guaking aspen seedlings was 257 centimeters. This was
more than 11 times greater than the average height of
qguaking aspen seedlings that were browsed (22
centimeters). Green ash, northern red oak, and pin oak
seedlings that were not browsed had average heights 1.5,
5, and 3 times greater than seedlings that were browsed.
The number of browsed green ash and quaking aspen
stems were lower than the number of browsed northern red
oak and pin oak stems. We believe that the oaks were
more frequently browsed mainly because their height made
them more accessible to the white-tailed deer.

Based on the silvics of each of the four species, all had the
potential for responding favorably to the additional water
and nutrients that are being added by the wastewater
effluent. However, only the green ash and quaking aspen
responded as expected to the effluent treatment applied to
the clearcut areas. It is possible that the northern red oak
species could not tolerate the additional 5 centimeters of
water per week during the growing season. Pin oak,
however, should have been able to adjust to the additional
water. One explanation for why the oaks did not respond
was that they could not adapt to the soil chemistry found at
the site. Competition for light was controlled in the first
growing season by herbicides and hand-weeding of the
plots. Light competition did not seem to be the reason why
the two oak species did not exhibit similar growth to the
guaking aspen and the green ash during the first growing
season. During the second growing season, however, it
was possible that the green ash and quaking aspen may
have contributed to the decline of the two oak species. By
the end of the first growing season, the quaking aspen and
the green ash started to overtop the oaks. Another
explanation may be that the oaks were more frequently
browsed because they were preferred by white-tailed deer,
or their heights made them more accessible for browsing.

Table 6—Number and average® two-year old total height of green ash,
quaking aspen, northern red oak and pin oak seedlings browsed and not
browsed during the second growing season

Browsed Not-browsed

Number 2-year Number 2-year

of total of total
Species seedlings height seedlings height

Cm Cm

Green ash 78 93b 1,057 161a
Quaking aspen 31 22b 979 257a
Northern red oak 203 11b 353 55a
Pin oak 172 11b 723 33a

Total height values within each species with the same letter were not

significantly different at the 0.05 level.



SUMMARY AND CONCLUSIONS

Pennsylvania State University has been studying over-land
irrigation of treated wastewater as an alternative to
discharging into local streams since the 1970’s. In the
summer of 1995 and winter of 1996 three replications, of
four clearcut treatments were administered to assess the
potential for the naturally occurring seedling-sized and
sapling-sized shrubs and trees to develop young, well-
stocked forest stands. An initial inventory of tree and shrub
species densities found that natural regeneration was
insufficient and that artificial regeneration would be
necessary. The treatments units were used to determine
the effects of season of harvest (Summer or Winter) and
residue (Remove or Leave) on the ground cover, naturally
occurring shrubs and trees and artificial regeneration. Two
years after the clearcut treatments, forb and vine plants
averaged > 90 percent of the existing ground cover.
Naturally occurring seedling- and sapling-sized stems of
shrub and tree species were insufficient for stocking a
healthy forested ecosystem. Two years after clearcutting,
the average densities of shrub and tree seedling-sized
stems were 3,056 and 1,337 stems per hectare,
respectively. The average densities of shrub and tree
sapling-sized stems were 1,209 and 846 stems per
hectare, respectively. There were some significant
differences in densities among treatments, however, there
was no consistently better treatment two years after
clearcutting. Overall, the densities of tree seedling- and
sapling-sized stems ere insufficient to stock a forest stand
capable of renovating the wastewater.

Green ash, quaking aspen, northern red oak and pin oak
were planted to evaluate their potential survival and growth
in the wastewater conditions. At the end of two growing
seasons, overall average survival for green ash was 98
percent and quaking aspen was 88 percent. These two
species also had overall average total heights of 156
centimeters and 222 centimeters, respectively, after two
growing seasons, demonstrating their ability to respond to
the additional nutrients and water. The two oak species did
not survive and grow as well as the green ash and quaking
aspen. After two growing seasons, the oaks were smaller
than when originally planted. We believe that green ash
and quaking aspen can be planted to regenerate the
irrigated clearcuts, augmenting the existing natural
regeneration in renewing the forest stands.

Future research studies will focus on the effects of forbs
and vines on survival and growth of planted seedlings and
securing natural regeneration before removing the
overstory.
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NATIVE HIGH VALUE TREE RECLAMATION
ON SURFACE MINED SPOILS IN EASTERN KENTUCKY

William R. Thomas, Matthew H. Pelkki, and James M. Ringe 1!

Abstract— Grading standards on reclaimed coal mines as outlined in PL 95-87, the Surface Mining Control and
Reclamation Act of 1977, have resulted in spoil compaction that severely limits tree root penetration. This leads to high tree
seedling mortality. A field study was established on surface mined lands in eastern Kentucky to study the effects of two
levels of compaction (no compaction and compacted) and two soil amendments (bark mulch and barn straw mulch) on
three native high value tree species: white ash (Fraxinus americana), yellow-poplar (Liriodendron tulipifera), and northern
red oak (Quercus rubra). Bark mulch seemed to have little effect on seedling vigor and survivorship and the barn straw
seemed to lower both vigor and survivorship. Bulk densities for each compaction level were significantly different. Results
are based on one year of data, in the future we hope to answer the question, will the uncompacted plots result in higher
vigor and survivorship than the compacted plots, and that is our hypothesis.

INTRODUCTION

Coal mining has disturbed over 2.4 million ha in the United
States since 1930 and the majority of that land was
originally forested in Appalachia (Zeleznik and Skousen
1996). Often the best post mining land use is to return the
lands to forests as quickly as possible. There is much
interest in reclaiming mined lands with high value trees,
especially if economical methods can be found.
Reclamation costs could be significantly reduced if a
method is developed to successfully establish trees and
grasses (Larson and Vimmerstedt 1990).

In order to achieve productive forests on post mined lands,
reclamation techniques that ensure good tree survivability
and growth must be adopted (Campbell 1997). One of the
key problems in establishing a productive forest on
previously surfaced mined lands is excessive compaction,
which leads to high tree seedling mortality. Chaney et al.
(1995) believe that the initial condition of mined sites
reconstructed under specifications of PL 95-87 result in a
growth media that is less than optimal for high-value
species of hardwood trees.

Reclamation research in the midwest has shown that pre-
federal law mining sites resulted in some of the most
productive areas in the region for the growth of tree
seedlings (Ashby et al., 1978). A study by Burger and
Torbert (1992) has shown that when mine spoil is loosely
dumped without grading and planted with various species
of trees, survival is higher than that on graded mine spoil.
The problem of soil compaction has been approached in
two ways: (1) prevent or minimize occurrence of the
problem and (2) ameliorate the problem once it has
happened (Sweigard, 1990). The former is preferable to
the later because it conserves resources.

The two objectives of this study were to 1) investigate the
effects of two levels of compaction on seedling survival of

three native high value tree species, and 2) investigate the
influence of two soil amendments on seedling survival of
three native high value tree species. This paper reports
first-year results and serves as baseline data for an
ongoing study.

METHODS AND MATERIALS

Study Area

The study was conducted on a surface mine in eastern
Perry County, Kentucky (37° 24’ N, 83° 8’ W). This mine is
located in Kentucky’s eastern coalfield in the Cumberland
Plateau physiographic region. Climate is temperate humid
continental with average annual precipitation of 117 cm,
and an average monthly precipitation of 10 cm, which
ranges from 6-12 cm. Average temperature is 13°, with a
mean daily maximum and minimum of 31° and 18° in July
and 8° and -4° in January (Hill 1976). The mine is within
the Hazard Coal Reserve District as delineated by the U.S.
Geological survey (Huddle et al. 1963).

Plot Construction

Six enclosed 1 ha plots, approximately 70 m wide and 155
m long, were constructed (Figure 1). Two of the plots (#7
and #8) were constructed in time for the 1996 planting
season. Due to construction delays the remaining four plots
were not ready until the 1997 planting season. Bulldozers
were used to create the borders of the plots, which were
required for a hydrologic study, earth moving equipment
was then used to loose dump the spoil material in
consecutive piles until the entire plot was filled. Three of the
plots (#2,#3,#4) were left in the loose condition and
represented the no compaction treatment. The other three
plots (#7,#8,#9) were driven over repeatedly with a
bulldozer and represented the compacted treatment, these
compacted plots were constructed to industry compaction
levels. When reestablishing forests in this region it is
important to ensure adequate ground cover for erosion
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Compacted Plots 7,#8,#9)

Figure 1—Cross-sectional diagram of plots. Plots are 70 m
wide and 155 m long, borders of plots are 2-3 m high.

control; however if inappropriate herbaceous species are
chosen, tree seedling survival will be reduced due to
excessive competition. All plots were seeded with a slow
establishing non-aggressive mixture of grasses and
legumes. The grass and legume mixture consisted of
annual rye (Secale cereale), perennial rye (Lolium perenne),
orchard grass (Dactylis glomerata), birdsfoot trefoil (Lotus
corniculatus), and Appalow lespedeza (Serecia lespedeza,
var. Appalow) at the following rates of application 33.61
kg/ha for the annual rye and 5.61 kg/ha for each of the
other species. Bark mulch was applied to two plots (#3,#8)
at the rate of 125 ton/ha. Barn straw mulch was applied to
two plots (#4,#7) at the rate of 125 ton/ha. The remaining
plots (#2,#9) received no soil amendments.

Tree Species Selection

Tree species selection for our project was based on species
that are native to the area, had documented performance in
land reclamation, and a potential commercial value. White
ash was chosen because it is a high value native tree
species that has shown high survivability on surfaced mined
lands (Zeleznik and Skousen 1996, Medvick 1969). Yellow-
poplar was chosen because it is native to the area, very fast
growing, and there is a rapidly growing market for this
species. Northern red oak was chosen because it is a
native species that has a high value.

Planting and Measuring of Tree Seedlings
Twenty-one subplots were established inside each of the
plots. These subplots were 20 m x 20 m and one corner
was permanently marked with rebar and metal tags
identifying subplot number and species planted within the
subplot. Each of the three species were randomly allotted
to three subplots within each plot. The remaining twelve
subplots in each plot were allotted to four other tree
species not included in this study. Tree seedlings (1-0)
were purchased from the Kentucky Division of Forestry’s
tree nursery in Morgan County, Kentucky. Tree seedlings
were planted on a 1.8 m x 1.8 m spacing, yielding 121
trees per subplot. Two of the plots (#7,#8) were planted in
the spring of 1996 and the remaining plots were planted in
the spring of 1997. All tree seedlings were planted by
professional tree planters. Annual measurements were
made from the end of July through mid August. Total
height of each tree was recorded to the nearest cm. In
addition to total height, each tree was assigned a vigor
class. Vigor classes were developed by the authors and
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consisted of five classes: O-tree was dead, 1-tree was
nearly dead, 2-intermediate/ stressed, 3-vigorous with one
or two signs of stress, and 4-vigorous with no signs of
stress. Signs of stress included chlorotic, withered, or
misshapen foliage. Tree survival percentages were
calculated by dividing the number of live tree seedlings
measured in each plot by the number of trees originally
planted in the plots. In addition to survivorship
percentages, vigor rankings were characterized by the
mode and mean of each plot.

Bulk Density

Bulk density is defined as the mass of a unit volume of
soil (Brady 1990). There is a direct relation between bulk
density and compaction level of the mine spoil. Bulk
density was measured by a technique developed by
Muller and Hamilton (1992). This technique consists of
excavating a hole (approx. 1000 cm?®) in the mine spoil
and carefully saving and weighing all material. The hole is
then filled with expanding polyurethane foam, which can
be obtained from most home improvement or building
stores, cardboard is then secured on top of the hole to
ensure that the foam fills all crevices in the hole. Curing of
the foam takes 8 hrs, and after curing the foam is
removed from the hole. Loose debris is then washed from
the foam, and any foam that was not actually in the hole is
removed. Spoil material was sieved using a 2mm sieve,
weights of the sieved spoil material and the spoil material
that would not pass through the 2mm sieve were
recorded. This reveals the rock fragment content of the
spoil material. Volume of the hole is then determined by
displacing water with the foam. Seven subplots were
randomly selected within each plot and sampled for their
bulk density. To test for significant differences among
compaction levels, a general linear model procedure with
least significant difference t-tests of the SAS System
(1996) was used.

Spoil Analysis

Characterization of the spoil materials chemical properties
were obtained through spoil analysis. A composite sample
was taken from five systematic sub-samples on each
subplot. Care was taken to ensure that no soll
amendments were included in the spoil analysis. Samples
were submitted for analysis of ten parameters, which
included organic matter, phosphorus, potassium, calcium,
magnesium, pH, nitrate nitrogen, soluble salts, water
holding capacity , and total nitrogen. There were a total of
nine composite samples from each plot; results of spoil
analysis were averaged for each plot.

RESULTS AND DISCUSSION

Because tree seedlings age varied, analysis was limited to
reporting percentages and averages. Northern red oak
preformed well on all plots (Table 1) except for plot #8
which was compacted and had barn straw added, this plot
is also one year older. White ash preformed equally well on
the uncompacted and compacted spoils; however yellow-
poplar did better on the plots that were one year old as
compared to the two year old plots. Mortality was highest
on plots #7 and #8, where the seedlings were 1 year older
than in the other plots. The big question is, how will the



Table 1—Tree survival on surface mined lands in eastern Kentucky, treated with two
levels of compaction and two soil amendments

Plot

White ash

Measured in 1st growing season only
2 Uncompacted/no mulch
3 Uncompacted/bark mulch
4 Uncompacted/barn straw
9 Compacted/no mulch

Measured in 2nd growing season only
7 Compacted/barn straw
8 Compacted/bark mulch

89
92
99
95

82
97

Yellow-poplar  Northern red oak
------------------- Pct survival ---------=====-=----

90 93

95 100

94 97

98 100

15 52

41 96

one year old tree seedlings do next year, and will the
compacted plots look similar to the uncompacted plots?

Compaction levels as characterized by bulk densities were
significantly different at p=.05 (Table 2). Overall bulk
density was 1.4 Mg/m? on the uncompacted spoils and 2.3
Mg/m® on the compacted spoils. Bulk density within the
uncompacted plots was not different at the p=.05 level of
significance, within the compacted level. Plots #7 and #8
were not different from each other. Rock fragment content
ranged from 50.3 percent to 54.5 percent on the
uncompacted plots and from 55.9 percent to 71.1 percent
on the compacted plots (Table 3).

Nine composite samples were submitted for analysis of
spoil chemical properties of each plot. Composite samples

Table 2—Bulk density (Mg/m®) values on uncompacted and
compacted plots on surface mined lands in eastern
Kentucky

Plot Bulk density
Mg/mP*
Uncompacted
2 1.52
3 1.3
4 1.42
Overall mean** 1.4
Compacted
7 2.12
8 2.02
9 2.7°
Overall mean** 2.3%

*Bulk density values within a compaction level followed by the
same letter are not significantly different at P=.05.

**Qverall means for a compaction level followed by the same
number are not significantly different at P=.05.

results were then averaged for the entire plot. Table 4
reports the average spoil characteristics of each plot.

Plot #7 had the lowest mean vigor (1.18) of all the plots;
however it is evident that vigor was lowest on the 2 year
old seedlings as compared to the 1 year old seedlings.
White ash preformed better on the one year old plot (Table
5). Yellow-poplar performed much better on the one year
old plots than on the two year old plots (Table 6). The
same pattern held true for northern red oak (Table 7) with
performance better on the one year old plots as compared
to the two year old plots. Overall vigor of the tree seedlings
was highest on the one year old plots (Table 8).

Plots that were treated with soil amendments had lower
overall vigor for all species than those plots left untreated.
Plots treated with bark mulch fared better than those
treated with the barn straw mulch. The barn straw muilch
plots seem to support a much hardier ground cover than
the bark mulch plots. This could have caused increased
competition on the tree seedlings from the ground cover
species.

Table 3—Average rock fragment content of spoil material
on surface mined lands in eastern Kentucky

Avg. weight of

spoil material
Average

Plot <2mm >2mm rock fragment

------------ g ------------ Pct
2 852.92 864.22 50.3
3 1194 1431.3 54.5
4 1088 1267.4 53.8
7 890.09 1884.64 67.9
8 655.3 1613 711
9 707.92 898.85 55.9
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Table 4—Average spoil characteristics of plots on surface mined lands in eastern

Kentucky
Plot
Uncompacted Compacted

Parameter 2 3 4 7 8 9
Organic matter (%) 1.8 2.0 3.2 4.0 4.7 2.8
Phosphorus (ppm) 0.0 0.0 0.0 0.3 0.3 0.3
Potassium (ppm) 4 6 13 14 11 11
Calcium (ppm) 56 46 79 48 60 80
Magnesium (ppm) 23 19 30 25 26 48
pH 5.9 5.2 5.8 6.9 7.5 6.9
Nitrate nitrogen (ppm) 25 4 7 11 35 38
Soluble salts (mmhos/cm) 0.4 0.4 0.6 0.4 0.5 0.7
Water holding capacity(%) 9.8 9.5 10.6 13.6 13.8 12.7
Total nitrogen (Ib/acre) 624 653 1166 2034 1574 1107

Table 5—Vigor of white ash seedlings planted on surface
mined lands in eastern Kentucky

Plot N Mode Mean
Measured in 1st growing
season only
2 Uncompacted/no mulch 323 2 2.39
3 Uncompacted/bark mulch 333 2 2.24
4 Uncompacted/barn straw 375 2 2.24
9 Compacted/no mulch 345 3 2.49
Measured in 2nd growing
season only
7 Compacted/barn straw 364 2 1.69
8 Compacted/bark mulch 357 2 2.09

Note: vigor consisted of five classes: 0-dead, 1-nearly dead,
2-intermediate/stressed, 3-vigorous, slight stress present,
4-vigorous with no signs of stress.

CONCLUSION

This study reports first year data on establishment of native
high-value tree seedlings on surface mined lands in
eastern Kentucky. Current law requires mine operators to
grade the surface to the approximate original contour which
results in the soil being compacted to the point where
seedling survival is severely hindered. Due to the fact that
tree seedlings age varied we are unable to compare the
compacted plots and uncompacted plots treated with soil
amendments, and the two plots that had no soil
amendments (compacted & uncompacted) had similar
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Table 6—Vigor of yellow-poplar seedlings planted on
surface mined lands in eastern Kentucky

Plot N Mode Mean
Measured in 1st growing
season only
2 Uncompacted/no mulch 326 2 2.24
3 Uncompacted/bark mulch 346 2 2.14
4 Uncompacted/barn straw 340 2 2.13
9 Compacted/no mulch 355 2 2.25
Measured in 2nd growing
season only
7 Compacted/barn straw 363 0 0.32
8 Compacted/bark mulch 363 2 1.38

Note: vigor consisted of five classes: 0-dead, 1-nearly dead,
2-intermediate/stressed, 3-vigorous, slight stress present,
4-vigorous with no signs of stress.

vigor and survivorship. The real question is will, once data
has been collected for several years, the uncompacted
plots result in higher vigor and survivorship than the
compacted plots, and that is our hypothesis. If forestry is
the post mining land use then bond release does not occur
until five years after the last reclamation activity. Bark
mulch seemed to have little effect on seedling vigor and
survivorship and the barn straw seemed to lower both vigor
and survivorship. In the future we hope to demonstrate that
seedling survival will be least successful on compacted
plots suggesting that a viable alternative to current
reclamation practices exists; avoiding compaction by



Table 7—Vigor of northern red oak seedlings planted on
surface mined lands in eastern Kentucky

Plot N Mode Mean

Measured in 1st growing

season only
2 Uncompacted/no mulch 338 2 2.32
3 Uncompacted/bark mulch 363 2 2.23
4 Uncompacted/barn straw 353 2 2.22
9 Compacted/no mulch 363 2 2.08
Measured in 2nd growing
season only
7 Compacted/barn straw 363 0 1.05
8 Compacted/bark mulch 362 2 1.93

Note: vigor consisted of five classes: 0-dead, 1-nearly dead,
2-intermediate/stressed, 3-vigorous, slight stress present,
4-vigorous with no signs of stress.

Table 8—Vigor of white ash, yellow-poplar, and northern
red oak tree seedlings planted on surface mined lands in
eastern Kentucky

Plot N Mode Mean

Measured in 1st growing

season only
2 Uncompacted/no mulch 987 2 2.32
3 Uncompacted/bark mulch 1042 2 2.20
4 Uncompacted/barn straw 1068 2 2.20
9 Compacted/no muich 1063 2 2.27
Measured in 2nd growing
season only
7 Compacted/barn straw 1090 0 1.18
8 Compacted/bark mulch 1082 2 1.80

Note: vigor consisted of five classes: 0-dead, 1-nearly dead,
2-intermediate/stressed, 3-vigorous, slight stress present,
4-vigorous with no signs of stress.

minimizing grading. This will result in reclamation that is not
only cheaper but will allow quicker establishment of
productive forest lands. A limitation of this type of
reclamation is that it requires relatively flat land, and while
appropriate for mountaintop removal is of limited use on
contour mines.
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GROWTH OF WHITE AND RED OAK SEEDLINGS AND SEED ON
MINED UNGRADED CAST OVERBURDEN

W. Clark Ashby !

Abstract— Tree seedlings and/or seed of white oak (Quercus alba L.) and red oak (Q. rubra L.) were planted spring and fall
from 1978 to 1982 on ungraded cast overburden (also termed spoil banks) in southern lllinois. Each planting season there
were 50 seedlings, or seed spots, of each species per row in replicated plots. Some seasons no seedlings or seed were
available for planting. The 20 plots had 1800 white oak and 1700 red oak planting spots total. The oak seedling and seed
rows were randomly assigned with other species in a plot so that nearest neighbor tree rows differed from plot to plot. Soil
bulk density averaged 1.3 grams per cubic centimeter, pH 7.5, and plant nutrients were low by agricultural standards. The
ground cover was old-field weeds that were sprayed with herbicide in later planting years.

Trees in each row were counted 3 years after planting to determine establishment, that varied widely. In 1993-1994 all trees
were measured for height and diameter breast height (DBH). Ages then ranged from 11 to 16 years. Survival after
establishment was generally good, somewhat greater for red than white oak, for spring- than fall-planted trees of each
species, and for trees planted as seedlings rather than seed. Heights of older spring-planted seedlings averaged more than
6 meters with DBHSs, not here reported, more than 8 centimeters. Red oak tended to be taller than white oak. DBHs were
more variable. Heights and DBHs of trees planted as seedlings tended to be greater than those planted as seed. Variations
in survival and growth were not clearly attributable to quality of planting stock, use of herbicides, or differences in
randomized nearest-row neighbors. Holding white oak seedlings in a cold room from spring over summer for fall planting

gave reduced survival and equivalent growth.

INTRODUCTION

White and northern red oak are major components of
forests in lllinois and other midwestern states (Burns and
Honkala 1990). The natural importance of white oak is
greater on mid to upper slopes, and of northern red, here
called red, oak is greater in ravines and on lower slopes,
related to aspect. These two high-quality species seem
logical choices to use in reforestation of minesoils in the
lower midwest. In turn, their growth on a rooting medium
that does not occur naturally in the local climate can add to
understanding of their ecological life requirements.

Within the past 50 years thousands of hectares in the
midwest have been surface mined for coal and planted to
millions of trees. In a pre-law period roughly from 1930 to
1960 in lllinois, 8.7 million hardwoods and 7.2 million
conifers were voluntarily planted by coal companies and
coal associations in cooperation with the lllinois
Department of Conservation, the USDA Forest Service,
and a few universities (Ashby and others 1978). Although
scant records exist of the performance of these plantings
other than the Forest Service and university research plots,
overall tree performance was considered to be good to
excellent, with failures of non-adapted species planted on
isolated acidic areas.

A quarter million of the 8.7 million hardwoods in Illinois
were white or bur (Q. macrocarpa Michx.) oak, and half a
million were red or black (Q. velutina Lam.) oak. A 50-year-
old white oak stand growing on ungraded cast overburden
in southern lllinois had excellent survival, height of 26+3
meters, and a DBH of 23+1 centimeters (Ashby 1996). A

near-by stand of red (intermixed with Q. shumardii Buckley)
oak 55 years old also had excellent survival, average
height of 33+3 meters, and DBH of 35+1 centimeters.

Many experienced reclamation, and an increasing number
of regulatory, personnel have been concerned that trees
planted in the 20 years since passage of a federal 1977
reclamation law have not survived and grown well
compared to those planted pre-law (Ashby 1991). Another
problem is that species with high 5-year survival rates
selected for bond release commonly are not ecologically or
economically desirable for long-term forestry plantings.

Viewing tree planting on post-law minesoils as a lost cause
has unfortunately become a common misconception. State
and federal regulatory authorities are how recognizing the
need for re-evaluating out-dated regulations, with increased
interest in successful reforestation. Even the well-
documented effects of soil compaction from mandatory
grading after mining (Josiah 1986) need not detract from
the utility of studies of tree growth on minesoils. The
adverse ecological and economic consequences of grading
to parking-lot standards have been demonstrated. Mined
lands can be reclaimed with minimal compaction using new
grading methods and understanding. A great opportunity
for restoring mined lands to productive forestry should not
be neglected.

My research group in 1978 set up studies to document
carefully the survival and growth of 25 tree species planted
on ungraded cast overburden, including many of the
hardwood species grown earlier. This paper reports
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performance of white and red oak, planted as seedlings,
and as seed, if available. Plots replicated once were
established each spring and fall from 1978 to 1982.
Several survival counts and growth measurements were
taken in later years. The goals of this paper include:

1. To evaluate and compare relative performance of white
and red oak planted as seedlings or seed during fall and
spring for 5 years on ungraded cast overburden.

2. To compare tree performance when planted fall or spring.

3. To compare tree performance when planted as
seedlings or seed.

4. To evaluate white oak performance using other kinds of
growing stock.

METHODS AND MATERIALS

My study area is on the Sahara Coal Company, Inc.
surface mine No. 6 just west of Harrisburg in southeastern
lllinois. Annual temperature averages 13 degrees
Centigrade, with July 25 degrees and January 0 degrees
Centigrade, and annual precipitation 1100 millimeters.
Figure 1 has the growing season precipitation from April
through September 1978 to 1984, years of tree
establishment and early growth. Monthly temperatures for
this period were tabulated and are not here listed.

Rooting Medium

The predominant regional pre-mining soil was Hosmer silt
loam, Typic Fragiudalfs Alfisols (Miles and Weiss 1978). A
geological column taken on the permit area in 1981 prior to
mining was described in an unpublished report by W.C.
Hood. He reported 4 meters of unconsolidated material
overlying numerous intermixed layers of sandy shale (9
meters total), limestone (3 meters), and sandstone (1
meter) above a 1.5 meter-thick seam of No. 6 coal. The
rooting medium of the spoil banks cast by a Marion 5761
power shovel was thus a mixture of soil fines and coarse
fragments from shattered rock layers above the coal. The
slopes of the bank ridges trending southeast-northwest
ranged from 21 to 34 degrees and averaged 29 degrees.
The ridges were spaced from 8 to 30 meters apart with an
average distance of 20 meters. Bank heights ranged from 3
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Figure 1—Growing-season (April-September) monthly
precipitation from 1978 to 1984 recorded at Harrisburg, IL.

to 10 meters with an average height of 6 meters. Flooded
areas between the banks were not found.

The bulk density of the cast overburden corrected for rock
fragments ranged from 1.22-1.35 grams per cubic
centimeter and the percent coarse fragments larger than
2 millimeters from 38-52 percent. Stones of varying sizes
exposed on the surface functioned as an erosion
pavement and provided numerous niches or micro-
habitats for plant establishment and growth. Numerous
excavations of cast overburden in later years showed
deep rooting to 4 meters by various species with
extensive branching of root systems. Roots also
penetrated shale and sandstone fragments as they broke
apart when exposed to near-surface weathering agents.
The minesoil likely had a more favorable moisture regime
for growth of deep-rooted plants than the fine-textured,
fragipan native soils.

The post-mining rooting medium based on soil fines was
classified as a silty clay loam to clay loam, probably
related to the well-developed B horizon of the pre-mining
fragiudalfs and to rapid weathering of the predominant
shales of the overburden in the years between mining and
tree planting. The rooting medium was mildly alkaline (pH
7.5) with average Bray-1 phosphorus 5 parts per million,
Bray-2 phosphorus 24 parts per million, potassium 154
parts per million, magnesium 175 parts per million, and
calcium 2313 parts per million (Josiah 1986). Variations
among the individual measurements of these properties
on the total 14-hectare plot area likely came from
differential mixing of overburden materials in the mining
process. The ground cover at planting ranged from sparse
goldenrod (Solidago L. spp.) or broomsedge (Andropogon
virginicus L.) and other old-field invaders to relatively
dense patches of trumpet creeper (Campsis radicans (L.)
Seemann.) or Japanese honeysuckle (Lonicera japonica
Thunb.).

Planting Stock and Plot Layout

All seedlings were graded in the laboratory by basal caliper
and the smallest ones rejected. Depending on stock quality
and numbers available, the largest seedlings and those
with carrot-type roots were also rejected. Numbers of
lateral roots were not counted. Roots were trimmed to fit in
a planting hole without distortion. Representative-sized
seedlings for each row were bundled, 52 each, with roots
packed in moist sphagnum moss in a plastic bag tied off
around the lower stems. Acorns when collected were
floated in water for approximately an hour and those
undamaged that sank were similarly placed in moist
sphagnum moss as recommended by Bonner (1993).
Seedlings and seed were stored in a 5 degrees Centigrade
cold room until planted.

Seedlings were planted with planting bars (dibbles). Seed
was planted with a mattock, three acorns in a hole three
times their diameter in depth. Each planting spot was
marked with a color-coded pot label that aided in following
a row for early survival counts on rough terrain and
occasional thick vegetation.
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Each replicated tree plot of this study had 20 randomly-
assigned, single-species rows that included rows of white
and red oak. Thus a red oak seedling row in one
randomized plot was planted between a row of walnut
(Juglans nigra L.) and of pin oak (Q. palustris Muenchh.),
and in the paired plot was planted between a row of
baldcypress (Taxodium distichum (L). Rich.) and of red oak
from seed. An oak row was planted all to seedlings or all to
acorns. Each row had 50 planting spots with 2.5 meters
spacing between trees and rows. The replicated plots had
100 of each available oak species/planting stock planted
each season. The rows ran primarily up and down across
the banks rather than along the length of a bank.

White oak —The sum of the areas of the rows of white
oak seedlings or seed spots planted both spring and fall
from 1978 to 1982 was 1.12 hectares with 1800 trees.
Quality of white oak nursery stock as received each year
was rated as good to excellent except for root and stem
damage noted for the 1980 seedlings planted fall 1980
and spring 1981. Limitations to growth of these seedlings
were not evident in the 1993 measurements. Seedlings
were donated from the lIllinois Union County state tree
nursery 100 kilometers southwest of the study site, except
for fall 1981. The only seedlings planted fall 1981 were
donated from the Licking, MO state nursery 200 kilometers
further west. The Missouri seedlings were planted again
for comparison with lllinois seedlings spring 1982. In other
comparisons white oak seedlings were held in cold
storage over a summer each for planting in fall 1979, and
in fall 1980. Roots of the seedlings held over were dipped
in a 1 percent Captan solution before placing in cold
storage.

White oak seed was planted only in the fall each year. We
were not successful in holding over a sufficient number of
white oak acorns for spring planting without germination
and growth of radicles that were broken in handling. The
amount of local seed we collected each fall varied greatly;
some years only one tree we found had a good crop and
other years many trees had acorns. All the white oak seed
planted was rated excellent. It was not unusual to have
acorns already germinating at fall planting.

Red oak —The sum of the areas of the rows of red oak
seedlings or seed spots was 1.06 hectares planted to 1700
trees. Seedlings were donated by the lllinois state nursery.
Quality of red oak nursery stock was rated fair for fall 1979,
the season with the lowest later field survival, and
otherwise good to excellent. We dug at the nursery the fall-
lifted red oak seedlings for the test plantings. In fall 1978,
1979, 1980, and 1982 many seedlings when dug were still
in leaf or even actively growing.

Red oak annual acorn crops varied substantially. If
available they were planted both fall and spring. Missing
seasons were fall 1978 and 1979, and spring 1980. Acorns
were treated the same as white oak acorns, and for spring
planting were stratified over winter in cold storage. The red
oak seed planted was rated good to excellent. Germination
after stratification was typically good, and ranged from 50
percent to over 90 percent in several seasons.
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Herbicide Applications and Tree Counts and

Measurements

Starting in spring 1981 all seedling and seed planting spots
that had been planted either the previous fall or in the
spring were sprayed in a 1.5 meter circle before tree
growth began using a backpack sprayer with a mixture of
glyphosate (Roundup®) and simazine (Princep®).
Herbicide control was effective in the first year, and often
not observable by the fourth year after planting. No further
cultural practices were carried out.

All trees were counted for establishment the first summer
after planting. If there was more than one seedling per
seed spot, those of lesser vigor were clipped off at ground
level. All trees were also counted and measured for height
and basal caliper in year 3. As an example those planted
in fall 1978 and spring 1979 were both measured in
summer 1981. The number of trees established after 3
years was used to calculate the subsequent percent
survival in 1993 shown in table 1. All trees were measured
for height in 1988, and for height and diameter breast
height (DBH), if that tall, in 1993 (Ashby and others 1995).
Statistical methods were analysis of variance for heights
and DBHs of several groupings of trees. Acorn production,
animal damage if any, and other observations were
recorded at each measurement and occasionally at other
times.

RESULTS AND DISCUSSION

Relative Performance of White and Red Oak
Number of trees in 1993 of the 11- to 16-year-old lllinois
white oak was 411 of 1800 planted (23 percent) and of red
oak was 728 of 1700 planted (43 percent). Most of the
losses of trees by 1993 took place in the first years after
planting. Mortality from year 3 to 1993 was much lower,
especially for red oak (table 1). Mortality was commonly
several trees in a gap and canopy closure was found
where trees were contiguous. If these white or red oaks
had been planted solidly in a stand, a full forest canopy as
found in pre-law plantings could be expected, even though
higher planting rates would be needed for bond release.

Table 1—Percent of fall- and spring-planted white and red
oak established at age 3 that survived to age 11-16 years
when planted as seedlings or as seed

Season
planted White oak Red oak
.............. 0 ~mmmmm e o
Seedlings
Fall 85 98
Spring 79 95
Seed
Fall 62 89
Spring - 88




Tree form was good where trees were contiguous. Red oak
would be the better choice for planting based on survival
after establishment.

Irregularities in survival from year to year were found for
both species (fig. 2). Some of the variability likely was
related to undetected variation in planting-stock quality.
Planting was carefully supervised with the planting crew
supervisors and many of the planters the same from year
to year. An important time-related factor that likely affected
survival was weather conditions among the several planting
seasons. April, May, and total precipitation were low in
1980, with only September at the end of the growing
season relatively wet (figure 1). July, August, and
September were so hot and dry that many corn fields were
not harvested. The white oak seedlings that established in
spring 1980 had relatively low survival at age 14. White
oak growth was, however, not evidently suppressed (fig. 3),
and the 14-year-old red oak trees were essentially equal in
height to the 15- and 16-year-old trees (fig. 4).
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Figure 2—a. Average number of survivors in 1993 of 11- to
16-year-old white oak planted in fall or spring as seedlings
or as seed. Each column is based on 100 seedlings or
seed spots in 2 rows of 50 each planted per season.

b. Average number of survivors in 1993 of 11- to 16-year-
old red oak planted in fall and spring as seedlings and/or
as seed.
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Figure 3—Average height in 1993 of 11- to 16-year-old
white oak planted in fall or spring as seedlings or as seed.
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Figure 4—Average height in 1993 of 11- to 16-year-old red
oak planted in fall or spring as seedlings or as seed.
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A management change to application of herbicides
happened only once. If no herbicide applications for trees
ages 14, 15, or 16 years versus herbicide applications for
trees ages 11, 12, and 13 years increased survival, it
corresponded with greater expected survival of younger
trees and did not seem to have done away with year-to-
year variability.

Possible changes on a seasonal or yearly basis of spatial
variation in properties of the successive plot areas planted
on cast overburden for 5 years, or in competition from
randomly assigned neighbors in the several plots, cannot
be ruled out. Overall variation in topography or in observed
spoil characteristics at the scale of an 0.7 hectare plot was
not evidently synchronous with seasonal differences in
survival and growth. The volunteer vegetation present
seemed similarly heterogenous throughout the study area.

All the nearest neighbor species to each white and each
red oak row were plotted. Neighbors were compared for
oaks that had unusually low survival or growth performance
in a given season. Any neighbor species consistently in
common were, however, not found. For the seven lowest
survival plantings, having one-fifth or fewer surviving trees
in 1993 (fig. 2), most-common neighbors were four times
black walnut planted as seedling or seed, three times each
sycamore (Platanus occidentalis L.) or baldcypress, and
two times or once nine other species. No neighbor species
were in common for oak rows having unusually low height
or DBH values. If there was a neighbor effect, how many
years it would take to suppress growth of adjacent white or
red oak is not known.

Relative height growth of the oaks was similar to survival.
When all trees combined of each species are compared,
white oak was significantly shorter (4.4 versus 5.4 meters)
and differences in DBH (6.1 versus 6.0 centimeters) were
not statistically significant. White oak planted as seedlings
was, however, actively growing in years 15 and 16, while
red oak had stagnated (figures 3 and 4). Reasons for the
apparently lower heights of the 15- versus 14-year-old trees
of both species from seed were not apparent. If growth
criteria were of importance, choice of red oak with greater
height may be offset by its apparent stagnation after age 14.
Older trees of red oak produced acorns and could have
enhanced forest succession if the mast had not been eaten
or trampled by deer. Not much other animal damage was
noted. Red oak typically has been much more damaged by
deer than has white oak in stripmine plantings.

Tree Performance When Fall- versus
Spring-Planted

Tree survival was highly variable with little consistency
related to season. For example, white oak seedlings planted
fall 1980 had the greatest number of trees and those planted
fall 1979 the lowest (fig. 2). Red oak had the greatest
number of trees when planted spring 1981 and the lowest
when planted fall 1979 (fig. 2). Mortality after establishment
was relatively similar for fall versus spring planting (table 1).

Average heights were lesser for fall- than spring-planted
white and red oak seedlings and red oak planted as seed
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(table 2). DBH was greatest for spring-planted seedlings of
both species, though not for spring-planted red oak seed.
These averages mask year-to-year variability in relative
heights, and DBHs not shown, of fall- versus spring-planted
white or red oak (figs. 3 and 4).

Tree Performance When Planted as

Seedlings versus Seed

Seedling versus seed differences were variable. Average
percent survival tended to be lower for white versus red
oak and greater for seedlings versus seed of both species
(table 1). There was substantial variability. Number of
surviving fall-planted white oak seedlings was greater than
from seed at ages 11, 12 and 13 years, and vice versa at
ages 14 and 15 years. Reasons for these differences were
not evident. The few remaining white oak at age 14 had
established in the dry, hot 1980 growing season. For the
seasons when both were planted, red oak tended to have
greater survival as seedlings than as seed.

The growth of either species from seedlings or seed was
also irregular from year to year. White oak trees planted as
seedlings were not significantly taller, or greater in DBH,
than the averages of those planted as seed (table 3). Red
oak seedlings tended to outgrow trees planted as seed
when either fall- or spring-planted, and averaged
significantly greater DBH when spring-planted.

In a recent survey of seven large coal companies, no local
mine planted seedlings in the fall. Although seeding large-
seeded tree species has been successful in the midwest,
use of seed is unusual on local mines at present.

Table 2—Average height and dbh at age 11-16 years of
white and red oak when fall- or spring-planted

White oak Red oak
Season
planted Height D.b.h. Height D.b.h.
m Cm m Cm
Seedlings
Fall 412 5.52 5.12 5.52
Spring 4.9 7.1 5.9 6.8
Seed
Fall 3.8 5.0 4.8° 5.0°
Spring No seed planted 5.5 5.7
Seedlings
and seed
Fall 4.0 53 5.0% 5.42
Spring No seed planted 5.8 6.4

@ Differences in paired means in a column were statistically
significant at p<0.01.

b Differences in paired means in a column were not statistically
significant at p>0.05.



Table 3—Average height and dbh at age 11-16 years of
white and red oak when planted as seedlings or seed

White oak Red oak
Season
planted Height D.b.h. Height D.b.h.
m Cm m Cm
Fall-planted only
Seedlings 4.1 55 51* 557
Seed 4.9 7.1 5.9 6.8
Spring-planted only
Seedlings 3.8 5.0 4.8 50°
Seed No seed planted 5.5 5.7
Fall- and spring-planted
Seedlings 4.0 5.3 50° 5.4°
Seed No seed planted 5.8 6.4

aDifferences in paired means in a column were not statistically
significant at p>0.05.

b Differences in paired means in a column were statistically
significant at p<0.01.

¢ Differences in paired means in a column were statistically
significant at p<0.05.

White Oak Performance with Alternative

Growing Stock

Spring-lifted white oak seedlings held in cold storage over
summer 1979, or summer 1980, and fall-planted had
heights and DBHs similar to those regularly planted in the
fall. Growth of Illinois and Missouri seedlings both planted
in spring 1982 did not differ. These planting options offer
important gains for successful tree planting and bond
release on mined lands by extending the planting season.
Stuart Miller, Missouri Department of Natural Resources,
recently outlined his method for extending to spring the
seed planting season with white oak, based on successful
over-winter storage of acorns collected in the autumn
before or as falling from the trees.

CONCLUSIONS
1. White oak seemed to be inherently less vigorous than
red oak in survival and height, and not so in DBH.

2. Trees of both species fall-planted as seedlings or seed
had lesser survival, height, and DBH than if spring-
planted.

3. Trees of both species tended to have greater survival,
height, and DBH when planted as seedlings than as
seed.

4. Fall planting of seedlings and fall and spring planting of
seed usefully extended our white and red oak
reforestation program compared to usual reclamation
practice.

5. White oak seedlings held from spring over summer in
cold storage for fall planting can have growth equivalent
to those regularly fall-planted.

6. Availability of either white or red oak seedlings and seed
varied greatly from season to season.

7. Red oak on mined cast overburden produced acorns by
year 15.

ACKNOWLEDGMENTS

The work of Clay Kolar and Gary Philo, former researchers
in the Department of Botany, Southern lllinois University at
Carbondale, contributed substantially to this paper. The
Sahara Coal Company, Inc. funded much of the research,
the lllinois Department of Conservation supplied tree
seedlings, and the USDI Bureau of Mines funded the 1993
measurements.

REFERENCES

Ashby, W.C. 1991. Surface mine tree planting in the midwest pre-
and post-public law 95-87. In: Proceedings of the 1991 national
meeting of the American society for surface mining and
reclamation; Durango, CO. Princeton, WV: American Society
for Surface Mining and Reclamation: 617-623.

Ashby, W.C. 1996. Growth of hardwoods and conifers after 47
years on coal mine soils in southern lllinois. Tree Planters’
Notes. 47(1): 24-29.

Ashby, W.C.; Kolar, C.A.; Guerke, M.L. [and others]. ~ 1978. Our
reclamation future with trees. Carbondale, IL: Southern lllinois
University, Coal Extraction and Utilization Research Center.
100 p.

Ashby, W.C.; Kolar, C.A.; Philo, G.R.; Huetteman, C.A.  1995.
Database of reclamation with trees in southern lllinois, 1978-
1993. Carbondale, IL: Southern Illinois University, Coal
Research Center. 47 p. Hard copy of a database on disk.

Bonner, F.T. 1993. Collection and care of acorns. In: Loftis, D.L.;
McGee, C.E., eds. Oak regeneration—serious problems,
practical recommendations: Proceedings of a symposium; 1992
September 8-10; Knoxville, TN. Gen. Tech. Rep. SE-84.
Asheville, NC: U.S. Department of Agriculture, Forest Service,
Southeastern Forest Experiment Station: 290-297.

Burns, R.M.; Honkala, B.H., tech. coords.  1990. Silvics of North
America. Agric. Handb. 654. Washington, DC: U.S. Department
of Agriculture, Forest Service. 877 p. Vol. 2.

Josiah, S.J. 1986. The effects of minesoil construction techniques
and ripping on the long term survival and growth of black
walnut. In: Proceedings American society for surface mining
and reclamation national meeting; Jackson, MS. Princeton,
WV: American Society for Surface Mining and Reclamation:
183-193.

Miles, C.; Weiss B. 1978. Soil survey of Saline County, lllinois.
Washington, DC: U.S. Department of Agriculture Soll
Conservation Service and Forest Service. 94 p. + maps.

89



LONG-TERM EFFECTS OF WASTEWATER IRRIGATION ON FORESTED ECOSYSTEMS AT
PENNSYLVANIA STATE GAME LANDS 176

David S. Larrick and Todd W. Bowersox *

Abstract— In 1983, the Pennsylvania State University engaged in a spray irrigation system for the disposal of treated
wastewater on 209 hectares of farm and forest land in State Game Lands 176. The system was designed to distribute 5
centimeters of wastewater 52 weeks per year. Differences in species composition and structure have been observed
between the irrigated and non-irrigated. In 1997, to monitor the long-term effects of wastewater irrigation on plant
community and soil conditions in forested ecosystems, 20 pairs of irrigation and non-irrigation plots were established, and
density and species composition of tree, shrub, and herbaceous plants were inventoried. Soil samples of A and B horizons
were also taken for each 20 x 20 meters plot. At each plot, plants components included (1) overstory stems on 20 x 20
meters plot, (2) sapling-sized stems on four 10 x 10 meters subplots, (3) seedling-sized stems on four 2 x 2 meters
subplots, (4) shrub species coverage on four 10 x 10 meters subplots, and (5) herbaceous plants coverage on sixteen 1 x 1
meters subplots. Initial results indicate striking differences in species composition, in densities of trees and shrubs, and in
shrub and herbaceous coverage values, between the irrigated and non-irrigated forested communities. Total numbers of
combined tree and shrub species in the non-irrigated overstory, sapling-sized, and seedling-sized components were 15, 47,
and 33 species, respectively, compared to 17, 29, and 10 species, respectively, for the irrigated components. Overstory,
sapling-sized, and seedling-sized stem densities were 536, 2,823, and 107,316 stems/hectares, respectively, for the non-
irrigated and 361, 706, and 1,127 stems/hectares, respectively, for the irrigated components. Shrub and herbaceous
coverage values were 17 and 80 percent, respectively, in the irrigated area, compared to 61 and 30 percent, respectively, in
the non-irrigated area. The fertility levels in soil A and B horizons were also very different for the two areas. For both A and
B soil horizons, the irrigated area had higher pH, higher phosphorus, magnesium, and calcium contents, and lower
exchangeable acidity than the non-irrigated area. These data suggest that modifications to either the plant community
species base or the methods of wastewater distribution will be needed to maintain forested ecosystems in the wastewater

irrigation area of State Game Lands 176.

INTRODUCTION

Disposal of sewage effluent has become a problem for
many municipalities due to population increases and
stricter regulatory controls. Typically, wastewater from
sewage treatment plants is discharged into rivers or lakes.
However, this disposal method has often lead to
environmental problems through the eutrophication of
aquatic systems. An alternative method, disposal on land,
has the potential advantages of reducing stream pollution
and recharging ground water reserves (Sopper and Kardos
1973). Effluent disposal experiments conducted in forested
areas have shown that spray irrigation with chlorinated
sewage effluent caused changes in the structure and
species composition of vegetation. Increased rate of tree
growth, increased plant biomass, altered species
composition of ground-level plants, and decreased
production and survival of native shrub and tree species
have been brought about by the addition of nutrients and
water to soil and by ice damage during winter (Brister and
Schultz 1981, Epstein and Sawhill 1977, Sopper and
Kardos 1973).

In 1983, the Pennsylvania State University engaged a
spray irrigation system for 209 hectares of farm and forest
land managed by the Pennsylvania Game Commission
(State Game Lands 176). The system is designed to
distribute 5 centimeters of wastewater 52 weeks per year.
About one-half of the current forest land was always forest

land, whereas the other half had been used for agriculture.
No actual inventories of the shrub and tree species
composition and structure have been conducted, but there
has been an observed difference between irrigated and
non-irrigated areas. Observations suggested there has
been increased mortality of the trees in the overstory of
irrigated areas as compared to non-irrigated areas. It has
also been observed that the understory of the irrigated
forests has more herbaceous plants and fewer shrub and
tree species stems than the nearby non-irrigated forests.
Actual changes that have occurred to the areas that would
be different from normal stand development are unknown.
However, it is possible to compare the present conditions in
similar irrigated and non-irrigated forests and to measure
future changes in these two conditions. A project has been
started to determine the long-term effects of wastewater
irrigation on forested ecosystems by establishing and
maintaining a program to monitor plant community and soil
conditions in irrigated and non-irrigated forested areas.
Results from the initial inventories are presented in this
paper.

METHODS

The study area was located in central Pennsylvania, 2
kilometers north of State College. The gently rolling terrain
was in the Ridge and Valley region (Lull 1968) on lands
managed by the Pennsylvania Game Commission. The soil
was Morrison sandy loam (Ultric, Hapludalf; fine, loamy,
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mixed, mesic). Site quality was about average, and if
occupied by evenaged mixed oak stands, the site index
would be about 65.

Ideally the sampling procedures and design would have
been prepared prior to treatment but the effects of
wastewater irrigation on forested ecosystems was not a
concern in 1983. In July 1997, 20 pairs of irrigation and
non-irrigation long-term monitor plots were established to
inventory density and species composition of the tree,
shrub and herbaceous plants in forested areas. The plots
were paired on the basis of having similar physical site
conditions, history of use, and perceived species
conditions in 1983 when the irrigation system was
engaged. Reasons for some forested areas to be irrigated
and others not irrigated were only due to the design
features of the irrigation network. Plots were established
and inventoried according to the Storm and Ross (1992)
protocol for monitoring vegetation on public lands. A total
of 40, 20 x 20 meters permanent plots were used to
inventory the overstory trees and shrubs. Species,
diameter (at 1.3 meters above ground in centimeters),
health class (healthy, dead, or injured), and type of injury
(branch breakage, stem breakage, or stem decay) of all
overstory stems (=11 centimeters in diameter) were
recorded. Each 20 x 20 meters plot was subdivided into
four 10 x 10 meters subplots to acquire species and
diameter of all sapling-sized stems and shrub coverage.
Nested within each 20 x 20 meters plot were four 2 x 2
meters subplots, each located 5 meters from plot center
along cardinal directions, to inventory abundance of
seedling-sized stems. Each 2 x 2 meters subplot was
further subdivided into four 1 x 1 meters subplots to
inventory coverage of herbaceous groups (grass,
broadleaf, moss, vine). A randomly selected soil sample
was also taken from near the center of each plot. Soil
from the A (0-4 cm below humus layer) and B (10-25 cm
below humus layer) horizons was analyzed for pH,
extractable phosphorus (kilograms/hectare),
exchangeable calcium, magnesium, potassium and cation
exchange capacity.

Analysis of variance was used to test for significant
differences between irrigated and non-irrigated areas in
mean (1) number of species, density, basal area and
stocking of overstory stems,(2) number of species and
density of sapling-sized stems, (3) number of species and
density of seedling-sized stems, (4) shrub species and
coverage, (5) herbaceous coverage, and (6) soil chemical
properties. Significance at the 0.05 level was used in all
cases. Using analysis of variance to test for significance
between sample plots selected after treatment violates
basic design requirements. However, the analyses were
conducted to provide an expression of variability about
mean values.

RESULTS AND DISCUSSION

Overstory Stems

A total of 17 tree species were inventoried on the 20
paired permanent overstory plots, with the irrigated and
non-irrigated areas containing 15 and 13 species,

respectively. There was no significant difference in number
of tree species per plot between irrigated (4 species/plot)
and non-irrigated (5 species/plot) areas (Table 1). Tree
density (Table 1) in the non-irrigated area (531
stems/hectare) was significantly different from the irrigated
area (355 stems/hectare). The non-irrigated area had
more aspen (see Appendix 1 for scientific names), black
cherry, and pine stems than the irrigated area (Table 2).
Oak, red maple, and other trees were equally abundant in
both areas. The irrigated area had more ash and hickory
stems than the non-irrigated area, but the numbers of ash
and hickory were low for both areas. The irrigated area
(Table 3) had a lower proportion of healthy trees (64
percent) and a higher proportion of injured trees (29
percent) than the non-irrigated area (84 percent healthy
and 9 percent injured). These data indicate poor health in
the overstory of the irrigated area. Basal area (27
meters?/hectare) and stocking (100 percent) were
significantly greater in the non-irrigated area (Table 1) than
in the irrigated area (19 meters?hectare basal area and 73
percent stocking).

Overstories in both the irrigated and non-irrigated areas had
low numbers of shrub species (2 in both areas) and low
shrub densities (6 and 5 stems/hectare, respectively). There
were no significant differences between irrigated and non-
irrigated areas in terms of shrub species, density, basal
area, healthy, dead, or injured stems (Tables 1 and 3).

It appears that the forested areas in the irrigated area are
developing an open, park-like overstory that is comprised
of less healthy trees than adjacent non-irrigated areas.
There seems to be a change in the species composition
from the non-irrigated mixed hardwood-pine to red maple-
pine-mixed hardwood in the irrigated areas. Overstory
density of oak and red maple trees did not appear to be
affected by irrigation.

Table 1—Mean?® overstory (=11 cm in diameter) number of
species per 0.04 ha plot, density, basal area, and stocking
for tree, shrub, and total species in irrigated and non-
irrigated areas

Species group Number of
area species  Density Basal area Stocking

Per plot Stems/ha  n/ha Percent

Tree
Irrigated 4 a 355 b 19 b 73 b
Non-irrigated 5a 531 a 27 a 100 a
Shrub
Irrigated <1l a 6 a <1l a -
Non-irrigated <1 a 5a <1 a -
Total
Irrigated 5a 361 b 20 b 73 b
Non-irrigated 5a 536 a 27 a 100 a

& Means with the same letter are not significantly different (a = 0.05).
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Table 2—Mean density of overstory (=11 cm in diameter)
trees and shrubs by species group® in irrigated and non-
irrigated areas

Area
Species group Irrigated Non-irrigated
------------- Stems/ha -------------
Trees
Ash 11 1
Aspen 23 119
Black cherry 28 56
Hickory 14 1
Oak 74 70
Pine 82 161
Red maple 120 120
Other tree 3 3
Total tree 355 531
Shrubs
Flowering dogwood 0 1
Sassafras 5 4
Striped maple 1 0
Total shrubs 6 5

@ Hickory included mockernut and pignut; oak included black,
chestnut, scarlet, and white; pine included pitch, Scotch, and
eastern white; other tree included American beech, blackgum,
slippery elm, and sweet birch (see Appendix 1 for scientific
names).

Table 3—Mean?® overstory (=11 cm in diameter) tree, shrub,
and total healthy, dead, and injured stems in irrigated and
non-irrigated areas

Species group

area Healthy Dead Injured
------------------- PCt -------mmmemmeeee
Tree
Irrigated 64 b 7 a 29 a
Non-irrigated 84 a 7 a 9b
Shrub
Irrigated 56 a 33 a 11 a
Non-irrigated 0a 25 a 75 a
Total
Irrigated 64 b 7 a 29 a
Non-irrigated 83 a 7 a 9b

@ Means with the same letter are not significantly different (a = 0.05).

Sapling-Sized Stems

A total of 51 sapling-sized tree and shrub species were
inventoried, with the irrigated and non-irrigated areas
containing 29 and 47 total species, respectively. Number of
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species per plot (Table 4) was significantly greater in the
non-irrigated area (7 species/plot) than in the irrigated area
(3 species/plot). Total density also was significantly
different between the non-irrigated (2,823 stems/hectare)
and irrigated (706 stems/hectare) areas (Table 4).

Of the 21 tree species inventoried, the irrigated area had
13 species, and the non-irrigated area had 19 species.
There was a significant difference in number of tree
species between irrigated (1 species/plot) and non-irrigated
(3 species/plot) areas (Table 4). The 1,585 tree species
stems/hectare in the non-irrigated area was significantly
greater than the 309 stems/hectare in the irrigated area
(Table 4). All tree species, except ash, had substantially
lower numbers of sapling-sized stems in the irrigated area
as compared to the non-irrigated area (Table 5). There
were 118 ash stems/hectare in the irrigated area and 98
stems/hectare in the non-irrigated area. Birch, hickory, oak,
and pine sapling-sized stems were present in the non-
irrigated area but were nearly absent from the irrigated
area (Table 5).

The total number of shrub species was 30. There were 16
and 28 shrub species inventoried in the irrigated and non-
irrigated areas, respectively. Numbers of shrub species and
shrub densities (Table 4) were significantly greater in the
non-irrigated area (3 species/plot and 1,238 stems/hectare)
than the irrigated area (1 species/plot and 397
stems/hectare). The non-irrigated area had an abundance
of sapling-sized stems for a variety of shrub species, with
Tatarian honeysuckle and sassafras being the most
prevalent. Hophornbeam, Tatarian honeysuckle, and
spicebush were the most common sapling-sized shrub
species in the irrigated area. Autumn olive, blackhaw,
blueberry, dogwood, privet, and sassafras were less
common in the irrigated area than in the non-irrigated area
(Table 5).

Table 4—Mean® number of species and density of sapling-
sized (=151 cm in height and <11 cm in diameter) tree,
shrub, and total species in irrigated and non-irrigated areas

Species group Number of
area species Density
0.01/ha Stems/ha
Tree
Irrigated 1b 309 b
Non-irrigated 3a 1,585 a
Shrub
Irrigated 1b 397 b
Non-irrigated 3 a 1,238 a
Total
Irrigated 3b 706 b
Non-irrigated 7 a 2,823 a

@ Means with the same letter are not significantly different (a = 0.05).



Table 5—Mean density of sapling-sized (=151 cm in height
and <11 cm in diameter) trees and shrubs by species
group® in irrigated and non-irrigated areas

Area

Species group Irrigated Non-irrigated

Trees
Ash 118 98
Birch 1 24
Black cherry 55 371
Hickory 4 13
Maple 113 850
Oak 7 171
Pine 1 44
Other tree 10 14

Total tree 309 1,585

Shrubs
Autumn olive 3 56
Raspberry 9 89
Blackhaw 0 23
Blueberry 0 34
Dogwood 1 76
Hophornbeam 11 18
Privet 1 78
Rose 9 101
Sassafras 0 330
Spicebush 14 6
Tatarian honeysuckle 330 386
Other shrubs 19 41

Total shrubs 397 1,238

@ Birch included paper and sweet; hickory included bitternut,
mockernut, and pignut; maple included red and sugar; oak
included black, chestnut, northern red, scarlet and white; other
tree included American elm, aspen, basswood, black walnut,
blackgum, and slippery elm. Dogwood included flowering and
gray; other shrub included American chestnut, American hazel,
apple, boxelder, buckthorn, common elderberry, cranberry, dwarf
oak, hawthorn, Hercules’-club, Japanese barberry, mapleleaf
viburnum, musclewood, red elderberry, red mulberry, striped
maple, viburnum, and witch-hazel.

Seedling-Sized Stems

Of the 33 seedling-sized tree and shrub species
inventoried, only 10 species occurred in the irrigated area,
while all 33 species were inventoried in the non-irrigated
area. There were significant differences in total species per
plot and total density per hectare between the irrigated and
non-irrigated areas (Table 6). The irrigated area contained
less than 1 species/plot and had a density of 1,127
stems/hectare, whereas the non-irrigated area had 5
species/plot and 107,316 stems/hectare.

The non-irrigated area contained 13 tree species,
compared to only 6 species in the irrigated area. On a per
plot basis, there were 3 tree species inventoried in the non-

Table 6—Mean® number of species and density of seedling-
sized (<151 cm in height) tree, shrub, and total in irrigated
and non-irrigated areas

Species group Number of
area species Density
0.0004/ha Stems/ha
Tree
Irrigated <lb 501 b
Non-irrigated 3 a 77,970 a
Shrub
Irrigated <lb 626 b
Non-irrigated 2a 29,346 a
Total
Irrigated <lb 1,127 b
Non-irrigated 5 a 107,316 a

@ Means with the same letter are not significantly different (a = 0.05).

irrigated area, versus less than 1 species in the irrigated
area (Table 6). Tree density in the irrigated area of 501
seedling-sized stems/hectare was essentially non-existent
compared to the 77,970 stems/hectare in the non-irrigated
area (Table 6). Seedling-sized stems in the non-irrigated
area were dominated by maple, with abundant black cherry
and oak (Table 7). Ash, black cherry, and maple were the
most abundant species in the irrigated area. However,
seedling-sized densities were much lower in the irrigated
area for all of the tree species groups, with aspen, paper
birch, and eastern white pine not recorded in the irrigated
area.

Striking differences in the number of shrub species and
densities of shrub species stems also occurred between
irrigated and non-irrigated areas. Shrub species totaled 20
in the non-irrigated area and 4 in the irrigated area. Both
the number of species/plot (2) and stems/hectare (29,346)
in the non-irrigated area were significantly greater than the
number of species/plot (<1) and stems/hectare (626) in the
irrigated area (Table 6). There were 12 seedling-sized
shrub species groups in the non-irrigated area, with good
densities of blackberry/raspberry, blueberry, rose,
sassafras, and Tatarian honeysuckle (Table 7). In the
irrigated area, there were only four seedling-sized shrub
species groups, and only Tatarian honeysuckle seemed to
be somewhat tolerant of the conditions in the irrigated area.

Shrub Coverage

Over all size classes, the non-irrigated area contained 33
shrub species, compared to 20 shrub species in the
irrigated area. There was a significant difference in
number of shrub species per plot between irrigated (2
species/plot) and non-irrigated (6 species/plot) areas
(Table 8). Shrub coverage in the non-irrigated area (61
percent) was significantly greater than in the irrigated area
(17 percent) (Table 8). Tatarian honeysuckle had equal
coverage values (13 percent, each) on both the irrigated
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Table 7—Mean density of seedling-sized (<151 cm in
height) trees and shrubs by species group? in irrigated and
non-irrigated areas

Table 8—Combined mean coverage of overstory, sapling-
and seedling-sized shrubs by species group? in irrigated
and non-irrigated areas

Area
Species group Irrigated Non-irrigated
------------- Stems/ha -------------

Trees
Ash 94 938
Aspen 0 250
Black cherry 219 21,750
Hickory 31 750
Maple 94 49,781
Oak 63 4,407
Paper birch 0 63
White pine 0 31

Total tree 501 77,970

Shrubs
Autumn olive 0 563
Raspberry 0 15,531
Blueberry 0 3,406
Common elderberry 0 219
Cranberry 0 188
Dogwood 0 750
Japanese barberry 31 188
Rose 94 2,156
Sassafras 0 1,906
Tatarian honeysuckle 438 3,313
Viburnum 0 688
Other shrubs 63 438

Total shrubs 626 29,346

Area

Species group Irrigated Non-irrigated

------------ % coverage -----------
Autumn olive <1 2
Raspberry 1 19
Blueberry <1 3
Dogwood <1 3
Hophornbeam 1 <1
Japanese barberry <1 1
Privet <1 2
Rose <1 7
Sassafras 0 9
Spicebush <1 <1
Tatarian honeysuckle 13 13
Other shrubs 1 2
Total shrubs 17 61

@ Hickory included mockernut and pignut; maple included red and
sugar; oak included black, chestnut, northern red, and white.
Dogwood included flowering and gray; viburnum included
mapleleaf and viburnum; other shrub included American chestnut,

@ Dogwood included flowering and gray; other shrub included
American chestnut, American hazel, apple, blackhaw, boxelder,
buckthorn, choke cherry, common elderberry, cranberry,
currant/gooseberry, dwarf oak, hawthorn, Hercules’-club,
mapleleaf viburnum, musclewood, red elderberry, red mulberry,
serviceberry, striped maple, sumac, viburnum, winterberry holly,
and witch-hazel.

Table 9—Mean? broadleaf, grass, moss, vine, and total
herbaceous coverage in irrigated and non-irrigated areas

apple, blackhaw, hawthorn, hophornbeam, spicebush, and striped Species group area Coverage
maple.
Percent
and non-irrigated areas, whereas the coverage values of Broadleaf
blackberry/raspberry, rose, and sassafras were Irrigated 63 a
considerably lower in the irrigated area as compared to Non-irrigated 17 b
the non-irrigated area (Table 8). Coverage values of the Grass
other species were too low to evaluate any irrigation Irigated <la
effects. Non-irrigated <1 a
Moss
Herbaceous Coverage Irrigated 2a
Total herbaceous coverage (Table 9) in the irrigated area (80 _Non-irrigated 1b
percent) was much greater than in the non-irrigated area (30 Vlne.
percent), primarily due to a significant difference in broadleaf Irrlga_te_d 15 a
coverage (63 and 17 percent coverage in irrigated and non- Non-irrigated b
irrigated areas, respectively). Vine and moss coverage Total_
values were slightly higher in the irrigated area (15 percent Irrlga_te_d 80 a
Non-irrigated 30 b

vine and 2 percent moss coverage) than the non-irrigated
area (11 percent vine and 1 percent moss coverage). Each
area contained less than 1 percent grass coverage.

@ Means with the same letter are not significantly different (a = 0.05).
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Soils

There were substantial differences between the irrigated
and non-irrigated areas in the chemistry of soil A horizon
(Table 10). The A horizon of the irrigated area had
significantly higher soil pH (7.1), phosphorus (345
kilograms/hectare), magnesium (3.16 milliequivalent/100
grams), and calcium (9.78 milliequivalent/100 grams) than
the non-irrigated area (4.8 soil pH, 48 kilograms/hectare
phosphorus, 0.39 milliequivalent/100 grams magnesium,
and 2.42 milliequivalent/100 grams calcium). The non-
irrigated area had significantly higher exchangeable acidity
(10.32 milliequivalent/100 grams) than the irrigated area
(0.10 milliequivalent/ 100 grams). Potassium (0.19
milliequivalent/100 grams) and cation exchange capacity
(13.22 milliequivalent/100 grams) for the irrigated area
were not significantly different from the non-irrigated area
(0.18 and 13.03 milliequivalent/100 grams potassium and
cation exchange capacity, respectively).

For the B horizon (Table 10), the irrigated area had
significantly higher soil pH (7.2), phosphorus (295
kilograms/hectare), potassium (0.18 milliequivalent/100
grams), magnesium (0.95 milliequivalent/100 grams), and
calcium (2.41 milliequivalent/100 grams) than the non-
irrigated area (5.0 soil pH, 45 kilograms/hectare
phosphorus, 0.09 milliequivalent/100 grams potassium,
0.18 milliequivalent/100 grams magnesium, and 0.55
milliequivalent/100 grams calcium). The non-irrigated area
had significantly higher exchangeable acidity (4.86
milliequivalent /100 grams) and cation exchange capacity
(5.61 milliequivalent/100 grams) than the irrigated area
(0.00 milliequivalent/100 grams exchangeable acidity and
3.52 milliequivalent/100 grams cation exchange capacity).

Differences between irrigated and non-irrigated areas were
a direct reflection of the chemical composition of the
wastewater additions, which had greater levels of
phosphorus, magnesium and calcium than what would be
found in rain water. The soil chemistry in the non-irrigated
area was what would be expected for a soil that developed
from acid sandstone. With the exception of potassium in

the A horizon, soil chemical levels in the irrigated area
were what would expected for a soil that developed from a
calcareous parent material. Water for the Pennsylvania
State University is from wells supplied from primarily
limestone bedrock.

CONCLUSIONS

Initial results of the vegetation monitoring program at
Pennsylvania State Game Lands 176 indicate substantial
differences in species composition and densities of trees
and shrubs between the wastewater irrigated and non-
irrigated forested areas. Total numbers of combined tree
and shrub species in the non-irrigated overstory, sapling-
sized, and seedling-sized components were 15, 47, and 33
species, respectively, compared to 17, 29, and 10 species,
respectively, for the irrigated components. Overstory,
sapling-sized, and seedling-sized stem densities were 536,
2,823, and 107,316 stems/hectare, respectively, for the
non-irrigated and 361, 706, and 1,127 stems/hectare,
respectively, for the irrigated components. It appears that
the forested areas in the irrigated area are developing an
open, park-like overstory that is comprised of less healthy
trees than adjacent non-irrigated areas. Shrub and
herbaceous coverage values were 17 and 80 percent in the
irrigated area, compared to 61 and 30 percent in the non-
irrigated area. For both A and B soil horizons, the irrigated
area had higher pH, higher phosphorus, magnesium, and
calcium contents, and lower exchangeable acidity than the
non-irrigated area.

Since there were no pre-wastewater irrigation inventories,
we can not be certain that the differences after 15 years
between the irrigated and non-irrigated areas were due to
the application of wastewater. However, the evidence
strongly supports that the differences are related to the
year-long irrigation with 5 cm of wastewater per week. The
reasons for these differences in the plant communities are
not known. It is possible that the indigenous herbaceous,
shrub, and tree species can not adapt to the enhanced
nutrients and water from the irrigation system. There may
be other herbaceous, shrub, and tree species that are

Table 10—Mean? chemical properties of soil A and B horizons® in irrigated and non-

irrigated areas

Horizon
area pH P Acidity K Mg Ca CEC
Kg/ha — ------- Exchangeable cations (meg/100 g) -------
Horizon A
Irrigated 7.1a 345a 0.10b 0.19a 3.16a 9.78a 13.22a
Non-irrigated 4.8b 48b 10.32a 0.18a 0.39b 2.42b 13.03a
Horizon B
Irrigated 7.2a 295a 0.00b 0.18a 0.95a 2.4la 3.52b
Non-irrigated 5.0b 45b 4.86a 0.09b 0.18b 0.55b 5.6la

@ Means with the same letter are not significantly different (a = 0.05).
b A horizon was 0-4 cm below humus layer; B horizon was 10-25 cm below humus layer.
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capable of creating and maintaining an acceptable forest
community in these amended conditions. It is also possible
that the mechanics of the overhead spray of water may be
causing physical damage to the plants or creating
environments that are favorable for the development of
undesirable insects or pathogens. Finally, it is also possible
that the bending and breaking on the seedling-sized and
sapling-sized stems from heavy ice loading may be
selectively removing most of the tree and shrub species
from the communities. Based on the data collected in this
study, it is clear that modifications to either the plant
community species base or the methods of wastewater
distribution will be needed to maintain forested ecosystems
in the wastewater irrigation area of State Game Lands 176.
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Appendix 1—List of total tree and shrub species

Tree Species

*American beech (Fagus grandifolia Ehrhart)

eAmerican elm (Ulmus americana L.)

eash (Fraxinus spp.)

easpen (Populus spp.)

*basswood (Tilia americana L.)

ebitternut hickory (Carya cordiformis (Wangenheim) K.
Koch)

*black cherry (Prunus serotina Ehrh.)

*black oak (Quercus velutina Lam.)

eblack walnut (Juglans nigra L.)

eblackgum (Nyssa sylvatica Marshall)

echestnut oak (Quercus prinus L.)

eeastern white pine (Pinus strobus L.)

emockernut hickory (Carya tomentosa (Lam. ex Poir.) Nutt.)

enorthern red oak (Quercus rubra L.)

epaper birch (Betula papyrifera Marshall)

epignut hickory (Carya glabra (P.Mill.) Sweet)

epitch pine (Pinus rigida P.Mill.)

ered maple (Acer rubrum L.)

escarlet oak (Quercus coccinea Muenchh.)

*Scotch pine (Pinus sylvestris L.)

eslippery elm (Ulmus rubra Muhl.)

esugar maple (Acer saccharum Marshall)

esweet birch (Betula lenta L.)

*white oak (Quercus alba L.)

Shrub Species

eAmerican chestnut (Castanea dentata (Marshall) Borkh.
eAmerican hazel (Corylus americana Walt.)

eapple (Malus spp.)

eautumn olive (Elaeagnus umbellata Thunb.)
*blackberry/raspberry (Rubus spp.)

*blackhaw (Viburnum prunifolium L.)

blueberry (Vaccinium spp.)

*boxelder (Acer negundo L.)

*buckthorn (Rhamnus cathartica L.)

echoke cherry (Prunus virginiana L.)

ecommon elderberry (Sambucus canadensis L.)
ecranberry (Viburnum trilobum Marshall)
ecurrant/gooseberry (Ribes spp.)

«dwarf oak (Quercus prinoides Willd.)

flowering dogwood (Cornus florida L.)

egray dogwood (Cornus racemosa Lam.)
*hawthorn (Crataegus spp.)

*Hercules’-club (Aralia spinosa L.)
*hophornbeam (Ostrya virginiana (P.Mill.) K.Koch
«Japanese barberry (Berberis thunbergii DC.)
emapleleaf viburnum (Viburnum acerifolium L.)
emusclewood (Carpinus caroliniana \Walter)
eprivet (Ligustrum obtusifolium Sieb. & Zucc.)
ered elderberry (Sambucus pubens Michx. PFGBW)
ered mulberry (Morus rubra L.)

erose (Rosa spp.)

esassafras (Sassafras albidum (Nutt.) Nees)
eserviceberry (Amelanchier arborea (Michx.f.) Fern.)
sspicebush (Lindera benzoin (L.) Blume)

estriped maple (Acer pennsylvanicum L.)

esumac (Rhus spp.)

*Tatarian honeysuckle (Lonicera tatarica L.)
eviburnum (Viburnum dilatatum L.)

swinterberry holly (/lex verticillata (L.) A.Gray)
switch-hazel (Hamamelis virginiana L.)
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SURVIVORSHIP AND GROWTH OF NATURAL NORTHERN RED OAK
(QUERCUS RUBRA L.) SEEDLINGS IN RESPONSE TO SELECTED TREATMENTS
ON AN EXTREMELY ACIDIC FOREST SOIL

Michael C. Demchik and William E. Sharpe *

Abstract— Natural seedlings of northern red oak (Quercus rubra L.) growing on extremely acidic soils are subjected to
stresses resulting from the relatively inhospitable soil chemical environment, competition from other plants and herbivory by
white-tailed deer (Odocoileus virginianus Boddaert). The objective of this study was to determine if lime and fertilizer,
fencing and vegetation control could increase the growth and survivorship of natural northern red oak seedlings. Three
replicate plots for each possible combination of liming and fertilization (6600 kg/ha dolomitic lime, 110 kg/ha K,0 equivalents
and 220 kg/ha P,O. equivalents), vegetation control (removal of fern fronds) and fencing (woven wire fencing) were
established in the spring of 1995. Two years after treatment, the area was subjected to a partial cut. Without any other site
treatment, vegetation control increased mortality. Lime and fertilizer treatment increased height growth before and after
cutting. Vegetation control increased height growth after cutting but had no effect on height growth prior to cutting. Fencing
increased seedling height growth prior to and after cutting. Seedlings that were not fenced actually lost height in the year
after cutting. While seedlings were responsive to treatment, the magnitude of the growth response was low.

INTRODUCTION

Northern red oak (Quercus rubra L.) is a major component
of mature forest stands in southwestern Pennsylvania. Oak
is a valuable species for both timber and wildlife; therefore,
inclusion of a large component of oak in forest regeneration
after logging is an important goal of forest management in
these forests. However, on many sites in Pennsylvania,
northern red oak is often only a minor component of
seedling regeneration (McWilliams and others 1995).
Historically, 75 percent of the regeneration that developed
into the current oak overstory was seedling origin (Mcintyre
1936) but regeneration following recent harvests is often
less than desirable. Several factors have been
hypothesized to explain this lack of regeneration success.
These include competition with hayscented ferns
(Dennstaedtia punctilobula (Michx.) Moore); (Horsley 1993;
Lyon 1996), browsing by deer (Odocoileus virginianus
Boddaert); (Tilghman 1989; Marquis and Brenneman 1981)
and acidic, infertile soil (Demchik and Sharpe 1996; Lyon
1996; Cronan and Grigal 1995; Joslin and Wolfe 1989).

Competition by hayscented fern is capable of impeding
success of forest regeneration. Horsley (1993) has
documented that although black cherry (Prunus serotina
Ehrh.) seeds germinate after cutting, they are out-
competed by hayscented fern. One factor in this
competition is light. Light competition has been suggested
as an important factor by Hippensteel and Bowersox
(1995). They showed inhibition of white ash (Fraxinus
americana L.) seedlings by altered light quality; however,
they also reported the existence of a non-specific below
ground competition. Lyon and Sharpe (1996) also found
that hayscented fern limited northern red oak seedling
growth as a consequence of below ground competition.

Deer browsing also constitutes a serious limitation to
regeneration of oaks (Tilghman 1989; Marquis and
Brenneman 1981). Both oak stump sprouts and seedlings
are extensively browsed. However, even when deer
browsing is limited by electric fencing, regeneration of oaks
may not be successful (Demchik and Sharpe 1996; Lyon
and Sharpe 1995).

Low levels of available soil bases and high levels of
available aluminum may reduce the growth rates of northern
red oak (DeWald and others 1990; Joslin and Wolfe 1989).
Extremely acidic forest soils often have quite low levels of
available calcium and high levels of available aluminum.
The potential for aluminum toxicity exists when this occurs
(Cronan and Grigal 1995). Indeed, Joslin and Wolfe (1989)
found a reduction of growth (at ambient aluminum levels)
due to increases in levels of aluminum in their test soils.

Attempts to increase growth of northern red oak seedlings
with addition of lime and fertilizer have been largely
successful in greenhouse trials, but field results have been
mixed (Hart 1995; Hart and Sharpe 1997; Sharpe and
others 1993; Pickens 1995). While field results have varied,
amelioration of soil base nutrient deficiency and aluminum
toxicity remains a promising technique for improving oak
seedling growth.

Our study site was located in the Laurel Hill region of
southwestern Pennsylvania. This region contains soil
horizons with relatively high plant available Al and low Ca
(Lyon and Sharpe in press; Demchik and Sharpe 1996).

The objective of this study was to determine if lime and
fertilizer, fencing and vegetation control could increase

! post-doctoral Scholar and Professor of Forest Hydrology, respectively. School of Forest Resources and The Environmental Resources
Research Institute; The Pennsylvania State University, University Park, PA 16801.
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growth and survivorship of natural northern red oak
seedlings.

METHODS
The Site

An 80-85 year old stand of hardwoods was selected on the
Laurel Hill in southwestern Pennsylvania. The stand was
composed of 67 percent northern red oak (average
diameter of 31.5 cm), 22 percent red maple (Acer rubrum;
average diameter of 15.9 cm), 7 percent black cherry
(average diameter of 30.4 cm) and 2 percent other species.
There was an average of 291 trees/ha. The land was mildly
sloping (0-20 percent), northeast facing ridgetop. The area
is part of Pennsylvania’s State Forest system managed by
the Pennsylvania Bureau of Forestry. The soils are Typic
Dystrochrepts of the Dekalb very stony loam series.
Results from 10 hand excavated soil pits on the site
revealed a mean organic layer thickness of 4.7+1.4 cm and
A-horizon thickness of 7.1+3.6 cm. Site index (50 year) for
oak was 19.5 - 22.5 meters. Data from an adjacent site
showed soil pH values of the mineral horizon averaged 4.2
and base saturation was 3.1 percent of total exchange
sites.

The site had received a light shelterwood cut 7 years prior
to the beginning of this experiment, which reduced the
basal area to approximately 18 m?/ha. In addition, a
salvage cut was made 3 years prior to this experiment to
remove dead and dying trees. The cause of this mortality
was unknown. Even though the understory cover was
dominated by hayscented fern, northern red oak seedlings
averaged 56,000+1000 /ha.

The Design

Twenty-four 1.25 m? plots each containing a minimum of 10
natural northern red oak seedlings each were established.
All seedlings on the site were small (none taller than 25
cm). Ten randomly selected seedlings were tagged in each
plot. These seedlings were measured for height and
number of leaves immediately prior to treatment for use as
a covariate. Three replicate plots of all possible
combinations of the binary treatments of soil amendment,
fencing and vegetation control were created. The soil
amendment treatment consisted of an application of 6600
kg/ha dolomitic lime (53.5 percent calcium carbonate; 42.0
percent magnesium carbonate; 105.6 percent total calcium
carbonate equivalents), 110 kg/ha K,O equivalents and 220
kg/ha P,O, equivalents applied in mid-May (shortly after
bud break) or a control with no amendment. On an
adjacent site, this application increased A-horizon soil pH
from 4.1+0.04 to 4.5+0.04 and increased base saturation
from 3.2+0.3 percent to 15.8+2.5 percent (Demchik 1998).
Fencing consisted of encircling the plots with 1.25 meter
tall 5 cm woven wire secured to iron reinforcement bars or
a control with no fence. Vegetation control consisted of
removal of all fern fronds within the plots as they appeared
(approximately 3 times annually) or no vegetation control.
Measurement of height, number of leaves and total leaf
area of each plant was conducted in mid-August for three
growing seasons. After 19 months (mid January 1997), the
surrounding stand was cut to a residual of 13 m?ha basal

area. Bolewood was removed and slash was left on site.
Care was taken not to damage any of the seedlings.
Nested ANCOVA was used for analysis of seedling height
in a nested factorial design. Survivorship was tested with
Chi-square test.

RESULTS AND DISCUSSION

Mortality

During the first growing season, no mortality occurred from
the time of treatment until mid-August. During the second
growing season, overall mortality was approximately 7.5
percent. No significant difference existed for mortality
between treatments (Table 1). For the third growing season
(first season after partial cutting), the highest mortality
occurred in plots that were not limed and fertilized or
fenced but received vegetation control (65 percent) (Table
1). This treatment combination consistently had the
greatest mortality. Fenced plots had lower mortality (23
percent) than unfenced plots (39 percent). This response
was primarily driven by the high rate of mortality for the
plots that only received vegetation control (65 percent).
With exclusion of these plots, unfenced plots had 30
percent overall mortality. This rate of mortality was similar
to the rate for fenced plots. Plots that were limed and
fertilized had less mortality (26 percent) than those that
were not limed and fertilized (36 percent). When the
treatment combination of no lime and fertilizer, no fencing
but vegetation control was excluded rates of mortality were
similar (both 26 percent).

The treatment of only vegetation control resulted in the
greatest mortality. When vegetation control was applied
with fencing, the rate of mortality was similar to all other
treatments. Exposure of seedlings to deer browsing was
therefore suggested as a contributing factor in the
increased mortality on the vegetation control plots, perhaps
because seedlings were more visible to the deer. This is
consistent with the observations of other researchers
(Tilghman 1989; Marquis and Brenneman 1981). Annual
seedling mortality, even in control plots, was generally less
than 15 percent before cutting and less than 40 percent
after cutting, excluding the vegetation control treatment
plots. This suggested that northern red oak seedlings could
persist under the adverse conditions present on this site.
Seedling red oaks are moderately shade tolerant (Phares
1971) and can remain viable under moderate light
conditions for 8-10 years in the understory (McQuilkin
1983). However, in order for seedlings to be successful,
they must grow at suitable rates.

Height Growth

Prior to partial overstory cutting, unfenced seedlings grew
more slowly (annual growth of 0.8+0.04 cm) than fenced
seedlings (annual growth of 1.3+0.05 cm); (p<0.05) (Table
2). After cutting, unfenced seedlings lost 1.1+0.06 cm of
height and fenced seedlings gained 3.5£1.0 cm of height
(P<0.0001) (Table 2). Deer browsing is well known to
reduce success of forest regeneration (Tilghman 1989;
Marquis and Brenneman 1981). The slow growth of fenced
seedlings was surprising. When free from deer browsing,
these seedlings only grew an average of 3.5 cm. This
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Table 1—The effect of all possible combinations of lime and fertilizer
(L&F), vegetation control (weed) and fencing on annual percentage
mortality of northern red oak seedlings for two years prior to partial
overstory cutting (1995 and 1996) and 1 year after partial overstory
cutting (1997). Mortality is based on number of seedlings alive at

the previous census

Annual mortality

L&F Weed Fencing 1995 1996 1997
----------- Percent-----------
No No No 0 7 23
No No Yes 0 13 27
No Yes No 0 25 65
No Yes Yes 0 0 27
Yes No No 0 7 37
Yes No Yes 0 0 15
Yes Yes No 0 0 30
Yes Yes Yes 0 10 23

Table 2—The effect of all possible combinations of lime and fertilizer (L&F), vegetation control
(weed) and fencing on height growth of northern red oak seedlings for two years prior to partial
overstory cutting (1995 and 1996) and 1 year after partial overstory cutting (1997). Annual growth
is included for comparison because initial seedlings height was variable

Total height Annual growth

L&F Weed Fence Initial 1995 1996 1997 1995 1996 1997

_____________________________________ CM--=== ===
No No No 14.0 14.9 15.7 13.9 0.9 0.8 -1.8
No No Yes 12.2 13.1 13.8 16.2 0.9 0.7 2.4
No Yes No 12.8 13.8 13.0 12.0 1.0 -0.8 -1.0
No Yes Yes 14.1 15.1 17.7 215 1.0 2.6 3.8
Yes No No 12.6 13.8 15.9 15.4 1.2 2.1 -0.5
Yes No Yes 12.0 12.2 14.2 18.1 0.2 2.0 3.9
Yes Yes No 14.1 14.1 15.5 14.5 0.0 14 -1.0
Yes Yes Yes 14.0 14.8 17.1 20.8 0.8 2.3 3.7

result suggested that deer browsing was not the only
mechanism responsible for slow growth of these seedlings.

Vegetation control had no effect on height growth prior to
cutting (1.1+0.06 cm for both). After cutting, seedlings that
received vegetation control added more height growth
(1.4+0.1 cm) than those that did not receive vegetation
control (1.0+0.07 cm); (P<0.05) (Table 2). While these
seedlings were responsive after cutting to release from
aboveground competition by ferns, the magnitude of the
response was small. Possibly, below ground competition
was responsible for the limited response of these seedlings.
Hippensteel and Bowersox (1995) found a non-specific
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competition between white ash (Fraxinus americana L.) and
hayscented fern even when the fronds were removed.
Likewise, Lyon and Sharpe (1996) reported below ground
competition between northern red oak seedlings and
hayscented ferns. While below ground competition was not
tested, herbicide treatment as opposed to the frond removal
treatment used in this study may generate a different
response by eliminating below ground fern competition.

A vegetation control by fencing interaction was found for
seedlings in 1996 and 1997. The seedlings in unfenced
plots that received vegetation control grew the most slowly
overall. These seedlings also experienced the highest rates



of mortality. We believe that these slow growth rates and
high rates of mortality are due to increased deer browsing.

Seedlings that were limed and fertilized grew more quickly
prior to cutting (1.3+0.05 cm) and after cutting (1.5+0.06
cm) than those that were not limed or fertilized (0.9+0.06
cm and 0.9+0.05 cm, respectively); (P<0.05) (Table 2).
While a response to soil amendments was found for these
seedlings, its magnitude was small. These results are
puzzling, since, in a companion study with planted 2-0
northern red oak nursery stock, similar treatment produced
mean total 3 year growth of 61.8 cm (Sharpe and others
1998). Additional research will be necessary to ascertain
why these differences were observed.

Overall, while these seedlings were responsive to all
treatments, even the best possible combinations of
treatments resulted in less than 4 cm of annual height
growth. This rate is far from adequate. All of the factors
that we addressed increased growth; however, it was
apparent that additional requirements must be met to
achieve a suitable rate of height growth.

Leaf Area

During the entire experiment, fenced seedlings increased in
leaf area (186 cm?; 64+10 cm?, respectively) and
unfenced seedlings lost leaf area (-135+20 cm?; -180+25
cm?, respectively) (Table 3). The factors of vegetation
control and of lime and fertilizer were of limited importance
to leaf area. Since deer browsing was responsible for
negative height growth, reduction in leaf area would also
be expected.

CONCLUSIONS

Without any other site treatment, vegetation control
increased rates of mortality of natural northern red oak
seedlings. Lime and fertilizer treatment increased height
growth before and after cutting. Vegetation control
increased height growth after cutting but had no effect on

height growth prior to cutting. Fencing increased seedling
height growth prior to and after cutting. Seedlings that were
not fenced actually lost height in the year after cutting.
While this investigation revealed statistically significant
height growth gains in response to the treatments
employed, the magnitude of these responses was low.
Since the best growth rates were still less than 4 cm per
year, other factors must have also limited height growth of
these seedlings. These factors may have included but were
not limited to light, soil moisture, other limiting nutrients and
insect herbivory.
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JAPANESE AND GIANT KNOTWEED SEED REPRODUCTIVE ECOLOGY

Amy T. Niewinski, TW. Bowersox and L.H. McCormick !

Abstract— Japanese knotweed (Polygonum cuspidatum Sieb and Zucc.) and Giant knotweed (Polygonum sachalinensis F.
Schmidt ex Maxim) are invasive, exotic perennials. They were introduced from eastern Asia as ornamental plants. These
species were found throughout Pennsylvania especially along riparian, roadway, and railway corridors, and in waste areas.
Japanese and Giant knotweed propagate asexually by rhizomes and basal buds. Researchers in the United Kingdom
reported no viable seed set on Japanese knotweed due to the absence of male-fertile plants. In New Jersey, seedlings
were found under Japanese knotweed. This research project was conducted to determine if the prolific seed produced
within Pennsylvania was viable and capable of germinating in nature.

The reproductive ecology of Japanese and Giant knotweed seed was studied in eighteen populations from three river
drainages across Pennsylvania. Field investigations showed that Japanese and Giant knotweed plants produce millions of
seed annually. Two-year-old seedlings were discovered at four study sites in 1997 and 1998. Apparent viability
assessments of seeds were made using seed coat and endosperm conditions. Seed coat was not a consistently good
indicator of seed viability. Germination requirements were determined by testing the effects of moisture, temperature, and
wing treatments on four seed sources over 30, 75, and 120 day storage periods. The temperature and moisture treatment
combinations were all sufficient for germination. The overall mean germination rates were above 84 percent. Significantly
different results were achieved with cold (3 degrees Celsius) moist conditions, yielding 95 percent mean germination over
all storage times. Seedbank studies were conducted to determine the existence of naturally occurring knotweed seedbeds
at four sites. The range of seedlings per soil core was 0-120. This equates to greater than 5,000 potential seedlings per
square meter at the Rothrock and Lumber Road sites. Japanese and Giant knotweed were capable of reproducing sexually

in these experiments.

INTRODUCTION

Japanese and Giant knotweed have established
populations in a variety of habitats across Pennsylvania.
They grew especially well in riparian zones, on strip-mine
spoils, and on roadway and railway fill material. Their
capabilities to out-compete and to displace other vegetation
were obvious. Long stretches of the Susquehanna and
Delaware River corridors were covered by both species.
Large stands existed in the Allegheny Portage Railroad
National Historic Site Staple Bend Tunnel Unit and
Delaware Water Gap National Recreation Area. Japanese
and Giant knotweed propagated vegetatively by extensive
root systems. Researchers in the United Kingdom reported
no viable seed on Japanese knotweed due to the absence
of male-fertile plants. The small quantities of seed that
were found were the result of hybridization with other
members of Polygonaceae. A researcher in New Jersey
reported seedlings under stands of Japanese knotweed
(Locandro 1973). The observed prolific seed set on
populations in the Northeastern United States warranted
further investigation into the potential for reproduction from
seed.

Japanese and Giant knotweed are rhizomatous
perennials that form dense clumps and reach heights of
2.5 and 4 meters, respectively. Plants develop woody
stocks with thick, bamboo-like, hollow stems that are
erect and branched at the top. Perennating buds form at
the base of the stem and on woody rhizomes between
autumn and winter, and emerge as vertical shoots the

following spring (Beerling and others 1994). Populations
usually consist of parent plants called ramets. The
vegetative shoots that grow from the ramets are called
genets (Richards 1986). Stocks can produce prolific,
creeping rhizomes within one year. Japanese knotweed
leaves are truncate at the base, 5-15 centimeters long
and 2-10 centimeters wide (Mitchell and Dean 1978).
Giant knotweed leaves are cordate based, up to 40
centimeters long, and 22 centimeters wide. Japanese
knotweed is functionally dioecious in the United States. It
is gynodioecious (male-sterile and hermaphroditic
individuals) in the United Kingdom (Beerling and others
1994). Giant knotweed is dioecious, possibly polygamous
when hermaphroditic flowers are produced (Bailey 1994).
Achenes are dark, glossy brown, 2-4 millimeters long and
2 millimeters wide. The hybrid between Japanese and
Giant knotweed, Fallopia x bohemica (Chrtek &
Chrtkova)J.Bailey, is intermediate in growth habit and
leaves (Bailey and Stace 1991).

Germination research on Japanese knotweed seed has
been conducted in the United States. Germination of 84-
100 percent was obtained after storage in air-dryness at
room temperature for five months, and at 2-4 degrees
Celsius in water, in moist peat, and between layers of
moist cotton for three months (Justice 1941). Light versus
dark tests resulted in higher percentages of seeds
germinating in lighted conditions (61 percent) as opposed
to dark conditions (13 percent) (Seiger 1993). However,
Locandro (1973) found no significant differences due to

! Graduate student, Professor of Silviculture, and Professor of Forest Resources, respectively, School of Forest Resources, Pennsylvania State

University, University Park, PA 16802

Citation for proceedings: Stringer, Jeffrey W.; Loftis, David L., eds. 1999. Proceedings, 12th central hardwood forest conference; 1999 February
28-March 1-2; Lexington, KY. Gen. Tech. Rep. SRS-24. Asheville, NC: U.S. Department of Agriculture, Forest Service, Southern Research

Station. 293 p. [Peer-reviewed paper].

103



light and temperature conditions in Japanese knotweed
seed germination. Germination trials were conducted
without light and exhibited high percentages of
germination.

Seiger (1993) had higher germination rates with two-year-
old seeds (54 percent) than with two-week-old seeds (3
percent). Locandro (1973) found a decline in percent
germination after 270 days in storage. Significant
differences were noted due to the different storage and
cold treatment periods, prior to germination trials.
Locandro (1973) reported that germination continued to
increase with longer periods of cold treatment.
Germination was poor after one year of seed storage at 18
degrees Celsius and 32 percent humidity. Cold treated
seed reacted differently than non-cold treated seed after
30, 60, and 90 days of storage. Germination increased
with pre-chill treatments of 60 and 90 days (Locandro
1973).

It was not known if Japanese and Giant knotweed
growing within Pennsylvania was capable of producing
viable seed, and if the potential seedlings were capable of
becoming established under natural conditions. The
specific objectives of this study were: to determine the
potential for seed reproduction from Japanese and Giant
knotweed populations, and to evaluate the potential for
the natural establishment of knotweed seedlings beneath
or adjacent to seed producing populations in
Pennsylvania.

METHODS

Field Sites

Eighteen field sites containing populations of Japanese and
Giant knotweed were chosen across Pennsylvania. Figure
1 shows the location of the sites and the watershed
designations. The majority of locations were within or near
these National Park Service properties: Allegheny Portage
Railroad National Historic Site, Delaware Water Gap
National Recreation Area, and Valley Forge National
Historic Site.

The sites were in the Delaware, Ohio, and Susquehanna
River watersheds. Descriptions of the habitat and
morphology of the knotweed plants were recorded over two
years. Four of the seven sites in the Susquehanna River
drainage were within 30 meters of water. The Delaware
River drainage sites were within 5 meters of water, except
Bushkill Church which was on abandoned fill. The Ohio
drainage populations were in mixed settings. Johnstown
and Saint Michael were within 10 meters of a stream, while
Staple Bend was approximately 150 meters from a river.
Bitumen and Lumber Road were in very remote forest
locations on roadway material (gravel and soil mixed).

Flower development, sex, and the general location of male
and female plants were recorded in July and August at
each site. At that time, differences in leaf size and shape,
and stem height were recorded to aid in species

Staple Bend “stfMichael

McElhatten

Rothrock

Archrock
A

yﬁilei/view
-~ Bushkill

chuylkill T

Figure 1—Locations of field sites in the Ohio River (squares), Delaware River (circles), and Susquehanna River (triangles)

watersheds.
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identification. The most reliable characteristics for the
identification of the species and the hybrid were leaf shape
and size. Only mature basal leaves were used because
immature and upper leaves were extremely variable (Bailey
1988b). Botanical keys for the identification of Polygonum
species differentiated between Japanese and Giant
knotweed by truncate and cordate leaf bases (Mitchell and
Dean 1978, Wofford 1989). Knotweed seeds were
collected in September and October of 1996 and 1997. The
amount of seed produced at each site varied widely. Single
stems produced 50,000-150,000 seeds annually. Millions of
seeds were produced over a 10 square meter area at
locations such as Lumber Road, Staple Bend, and
Rothrock. Seed collections were random samples of whole
inflorescences from different plants. Seeds were air dried,
and stored with either the wing intact (natural seed) or
dewinged (achene only).

Apparent Viability

Visual assessments of seed viability were based on seed
coat and endosperm conditions. Estimates of viability were
made on random samples of 100 seeds from each source
collected in 1996. The seeds were inspected under a
dissecting scope. The conditions of the seed coat and
endosperm were evaluated. Seed coats were described as
normal (hard), soft, or shrunken. Endosperm content was
estimated as full, half, or absent, and the color was
classified as cream or white. Similar seed viability
assessments were made on the 1997 seeds using 25
seeds per source. Percent viability was based on the
number of seeds having normal seed coats and full
endosperm. Tetrazolium chloride tests on endosperm
viability were not used because Locandro (1973) reported
poor results with the method.

Germination Studies

Four seed sources (Rothrock, Staple Bend, Port Trevorton,
and Bitumen) were used to test different seed storage
regimes. The seeds used in the germination trials were
stored at room temperature for 100 days after collection. To
test the effect of wing inhibition, seeds were either left
natural (wing intact) or dewinged (achene only) by means
of friction. The presence of the papery wing could inhibit
both water absorption by the seed coat and radicle
emergence. The seeds were stored for 30, 75, and 120
days under three different environmental conditions: warm-
dry, cold-dry, and cold-moist (18, 3, and 3 degrees Celsius,

respectively) (Table 1). Warm-moist, 18 degrees Celsius,
conditions resulted in immediate germination of seeds.
Refrigerated seeds were placed in plastic bags containing
sand moistened with distilled water. All bags were then
placed in glass jars and sealed. Sterile petri dishes, 9
centimeters in diameter, were lined with 9 centimeter
diameter, grade 4 filter paper. Random samples of 40
seeds were placed into 96 dishes and covered with another
filter paper. Three milliliters of distilled water was poured
over the filter paper to provide moisture. Each dish was
placed in a quart size plastic bag with a wet paper towel as
a supplemental moisture source. Twenty four dishes were
arranged in randomized block designs on 4 trays (4
replications). The trays were placed in a growth chamber at
27 degrees Celsius.

Light was not provided in the growth chamber. The basis
for determining if a seed had germinated was radicle and
cotyledon emergence. The number of germinates was
recorded in each dish every three days over a fourteen day
period. The seeds were exposed to fluorescent light during
the counts. The number of seeds used in each
environmental condition was 3,840, for a total of 11,520.

The percent germination values were log transformed.
Analysis of Variance (alpha=.05) was run to test the effects
of seed source, seed condition, environmental condition,
and all of the interactions on seed germination. Tukey’s
HSD mean separation procedures were used to determine
significant differences (alpha=.05).

Viability Germination Trials

The reliability of using seed coat condition as an indicator
of seed quality was tested on seeds collected in 1997. All
seeds had been stored under dry, room temperature
conditions for 60 days prior to testing. Random samples of
50 seeds were taken from each source. The seed coats
were determined to be either normal or shrunken. The
seeds were separated as such and put between layers of
wetted filter paper in petri dishes. The growth chamber
conditions were 27 degrees Celsius and 66 percent
humidity. The number of germinates was recorded every
four days for a sixteen day period. Chi Square 2-way Test
of Independence (Little 1978) was used to evaluate the
ability to determine seed viability based on seed coat
condition.

Table 1—Experimental design of seed germination trials conducted in 1997 on Giant and
Japanese knotweed seed collected in 1996

Variables Number

Treatments

Seed sources

Seed conditions
Environmental conditions
Storage times
Replications

P WWN D

Bitumen, Staple Bend, Rothrock, Port Trevorton
Whole seed, achene only

Warm-dry, cold-dry, cold-moist

30, 75, 120 days
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Soil Core Studies

Two hundred soil cores from four study sites, known to have
produced viable seed in the Fall of 1996, were collected in
the Spring of 1997. Staple Bend, Rothrock, Lumber Road,
and Bitumen sites were used in this study. Two hundred soil
cores (15 centimeters diameter, 10 centimeters deep, 182
square centimeters) were transported to a greenhouse and
placed into commercial potting media to ensure adequate
moisture. The cores were collected with intact (minimally
disturbed) soil profiles. The randomized block design had
five replications of ten cores per soil source. The number of
knotweed seedlings that emerged was recorded from May
25 to August 15. The June 20 data was used for analysis,
since there were no net changes in the number of seedlings
per core after that date. The total number of seeds within
the soil was not counted.

RESULTS AND DISCUSSION

Field Sites

The natural variation that occurs within a plant community,
phenotypic plasticity, made identification of species difficult.
Mature basal leaves were reliable indicators of species and
were used to identify Japanese and Giant knotweed and

the hybrid. Differences in stem height, leaf shape, and leaf
size were recorded at each site.

Table 2 summarizes the locations and morphological
characteristics of the plants found at the sites. There were
10 Japanese knotweed sites, 7 Giant knotweed sites, and
1 hybrid site. The Japanese knotweed populations had
maximum heights of 3 meters. The tallest Giant knotweed
plants were located at Staple Bend, Sinnemahoning, and
Bitumen, all of which had maximum heights of 4 meters.

An abundance of seeds were produced when both female
and male- fertile plants were present at a site. The
intermingling of the two plants resulted in higher
guantities of seed than if the plants were spatially
separated. The amount of seed produced is expressed as
seed crop values based on an average of 1,000 seeds
per raceme (Table 2). Plants at every study sites
produced seeds during the first year of research. No
viable seeds were found when male-fertile plants were
absent from the site. No viable seeds were found at the
Valley View and Archrock sites in 1996, all of the seeds
were empty. No seeds were found at the Schuylkill Trail
site in 1997.

Table 2—Species, colony height, sex ratio, seed crop, and Chi Square values for Giant and Japanese knotweed study sites in

the Ohio, Susquehanna, and Delaware River watersheds

Watershed Knotweed Colony Seed Viability® Sex Chi
location species height crop? 1996 1997 ratio square®
m  seemeeeeeeee- Percent ---------------

Ohio River
Johnstown Giant 3.0 90 95 90 F=M —
Lumber Road Giant 4.0 90 100 85 F=M 0.72
St. Michael Giant 3.0 90 95 75 F=M 7.53*
Staple Bend Giant 4.0 90 95 90 F<M 0.23
Tunnel Hill Giant 35 90 100 90 F<M 1.89

Susquehanna River
Archrock Japanese 3.5 1 0 40 F 14.00*
Bitumen Giant 4.0 90 90 90 F<M 1.98
Hyner® Japanese 2.7 70 60 80 F<M 7.53*
McElhattend® Hybrid 4.0 90 80 - F>M —
Port Trevorton® Japanese 4.0 90 85 95 F>M —
Rothrock Japanese 3.5 90 85 100 F=M —
Sinnemahoning Giant 4.0 90 - 95 F=M 2.62

Delaware River
Betzwood Park Japanese 2.5 1 80 85 F>M 6.97*
Bushkill Church Japanese 3.3 5 95 85 F>M 3.25
Dingmans Creek Japanese 3.5 75 920 95 F>M —
Freeman Road Japanese 3.3 1 90 95 F —
Schuylkill Tr. Japanese 2.0 1 65 - F —
Valley View Japanese 2.5 1 2 10 F 8.20*

@Based on a fully developed raceme with about 1,000 seeds. Seed crop values were the same in 1996 and 1997.

b Viability was based on visual assessments of seed coat and endosperm.

¢ X2 cv= 3.84, df= 1. Seed coat condition used as a predictor of viability. Significance is designated by the * symbol.
4 Mostly the indicated species but the other species or a hybrid of the two species was observed to be in the general vicinity.

€ Maybe the hybrid of the two species, F. bohemica.
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The majority of populations in this study had two types of
flowers. There were male-fertile (male) and female-fertile
(female) flowers on separate plants. Male-fertile flowers
were white, had 7-8 long stamens, and a vestigial, small,
yellow ovary. The ovaries on male-fertile flowers were
presumed nonfunctional because no seeds were produced.
Male inflorescence stems pointed upwards. Male flowers
were fragrant and had a feathery appearance. Male flowers
were bright white, while female flowers were yellow-green.
The female flowers had a larger, yellowish ovary with
feathery stigmas, and short stamens around the base. The
vestigial stamens in female-fertile flowers were presumed
non-functional, due to the absence of seed set when male-
fertile flowering plants were absent. The female plants
were not able to fertilize each other. The inflorescences
were arrayed outward or down. Female plants drooped
with the weight of abundant, mature seed. Viability tests
were not conducted on the two types of flowers to
determine if the vestigial (shorter) sex organs were
functional. Flower maturation and pollination were not
simultaneous in all populations. The sites that were higher
in elevation had earlier development of flowers and seeds.
The third flower type, hermaphroditic, was found at a few
locations. The pistil and stamens were proportionate in size
with the stigmas and anthers equal in height. There were
occasional breakdowns in dioecy, because seeds were
found on male-fertile plants at Sinnemahoning and Staple
Bend.

In the field there were instances of achene separation from
the perianth prior to dispersal. It was not known if the seed
naturally fell out or if it was consumed. Predation by birds
may be a factor in rarity of seedling germination and
establishment in the wild (Beerling and others 1994). The
abscission zone in the pedicel may be prematurely
inactivated by the first hard frost, preempting dispersal by
wind (Beerling and others 1994). For this reason, the
dewinged seed condition was tested in our seed
germination trials.

The flowers were pollinated by bees, ants, butterflies, and
beetles. Insect damage was seen in some inflorescences
where the seed coat was partially eaten and the
endosperm gone. It was believed that damage was done
by invertebrates. We observed slugs eating Giant
knotweed seedling cotyledons in another study (Niewinski
1998).

Tens to thousands of newly germinated seedlings were
seen at Bitumen, Dingmans Creek, Lumber Road, Port
Trevorton, Rothrock, St. Michael, Sinnemahoning, and
Staple Bend. Differences in germination and survival of
seedlings were found between these two areas: the ground
underneath the clone, and the area beyond the perimeter
of the clone. Those seedlings that had germinated under
the canopy of the parents and in the leaf litter did not
survive. Thousands of seedlings survived to the end of the
first growing season. Some were more than 10 centimeters
tall. Second-year seedlings of Giant knotweed were
discovered at Bitumen and Sinnemahoning in 1997 and at
Bitumen, Port Trevorton, and Lumber Road in 1998. These

seedlings had completely independent root systems, and
had remnant stems from the previous year’s growth.

Apparent Viability Assessments

There was little variation in color and size of seeds among
populations over the two years. Giant knotweed had
slightly larger seeds, about 1 millimeter longer than
Japanese knotweed seeds. Seed conditions ranged from
firm seed coat with slightly convex sides and a cream
endosperm to shrunken seed coats with a depleted or
absent endosperm. Like the seed coat, the endosperm was
generally convex trigonal. The outer cells were either green
or tan. As the endosperm desiccated it turned chalky white.
Some seeds were empty shells with brown crystals inside.
The cream colored endosperm may hold more favorable
seed reserves than the white color. The white colored
endosperm appeared to be desiccating, resulting in a slight
separation of the embryo from the endosperm. We were
not able to test the differences between colors. Seed
production in a population was related to the number and
proximity of male and female-fertile plants. Endosperm
absence was found when no male-fertile plants grew near
the study sites.

Viability values for each site, based on the seed coat and
endosperm conditions, are given in Table 2. In 1996 and
1997, Betzwood Park, Bitumen, Bushkill Church, Dingmans
Creek, Freeman Road, Johnstown, Lumber Road, Port
Trevorton, Rothrock, Staple Bend, and Tunnel Hill sites had
viability values above 80 percent. Seed sources with the
lowest viability (0-40 percent) were Archrock and Valley
View. These sites produced endosperm that was only
partially developed or absent. Seed coat condition was not
the most accurate method of determining potential viability.
There may be better methods of assessing endosperm, like
water floatation or X-ray analysis.

Germination Trials

The four seed sources chosen had shown high potential
viability in the visual assessments. Cold stratification was
not necessary to induce germination. Seed samples stored
at room temperature germinated within five days when
given water.

The overall potential of seeds to germinate was 91 percent.
Analysis of Variance (alpha=.05) indicated significant
differences in germination due to seed source, seed
conditions, and environmental conditions over time.
Tukey's HSD mean separation procedures indicated
significant differences among treatments. After 30 days
storage, Bitumen and Port Trevorton seeds had
significantly different germination percentages (96 and 93
percent germination, respectively) than Rothrock and
Staple Bend (88 and 86 percent, respectively) (Table 3).
After 75 and 120 days, Bitumen seeds germinated at
significantly different rates (97 and 98 percent,
respectively) than Rothrock (88 and 90 percent) and Staple
Bend (88 and 87 percent). Average germination among
seed sources and over all seed and environmental
conditions were significantly different. The results were
Staple Bend 88 percent, Rothrock 89 percent, Port
Trevorton 92 percent, and Bitumen 96 percent. The range
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Table 3—Mean?® germination percentages for seed source, seed condition, and
environmental condition factors after 30,75, and 120 days storage on Giant and
Japanese knotweed seed. N= 11,520 seeds used total

Storage time (days)

Overall
Factors 30 75 120 avg.
------------------------ Percent -----------cceeeuoannn-
Seed source (SS)
Staple Bend (SB) 86.0b 87.4b 86.9¢c 86.8¢c
Rothrock (RR) 88.1b 87.6b 90.0bc 88.6¢
Port Trevorton (PT) 92.6a 91.8ab 92.8ab 92.4b
Bitumen (BT) 95.7a 96.4a 97.9a 96.7a
Seed condition (SC)
Natural 89.9a 88.9b 90.0b 89.6b
Dewinged 91.3a 92.7a 93.8a 92.6a
Environmental
condition (EC)
Warm-dry 89.8b 86.7b 89.9b 88.8b
Cold-dry 87.4b 90.5b 89.8b 89.2b
Cold-moist 94.6a 95.2a 96.1a 95.3a
SS*EC
SB * warm-dry 83.6bc 84.7b 83.8b 84.1c
SB * cold-dry 82.8c 86.6b 82.8b 84.1c
SB * cold-moist 91.6ab 90.9ab 94.1ab 92.2b
RR * warm-dry 85.3bc 80.0b 84.1b 83.1c
RR * cold-dry 80.9¢c 85.3b 88.8b 85.0c
RR * cold-moist 98.1a 97.5ab 97.2ab 97.6a
PT * warm-dry 95.3ab 88.1b 93.8ab 92.4b
PT * cold-dry 90.3b 94.1ab 90.3ab 91.6b
PT * cold-moist 92.2ab 93.1ab 94.4ab 93.2ab
BT * warm-dry 95.0ab 94.1ab 97.5a 95.5ab
BT * cold-dry 95.6ab 95.9ab 97.5a 96.4ab
BT * cold-moist 96.6ab 99.1a 98.8a 98.1a

@ Means within a factor (e.g. seed source) and under a storage time with the same lower case
letter are not significantly different at the .05 level.

of germination inclusive of sources and different conditions
was 60-100 percent.

times were: warm-dry 88 percent, cold dry 90 percent, and
cold-moist 95 percent (Table 4). Over the three storage
times, germination percentages for seeds stored under

The dewinged seed condition had significantly different cold-moist conditions were significantly different than seeds

germination percentages after 75 and 120 days storage (93
and 94 percent, respectively) than the natural seed
condition (89 and 90 percent) (Table 3). Initially we thought
that this might be important, however we found the
dewinged seed condition was not a critical factor in nature,
because seed rarely dispersed without the wing attached.

The three environmental conditions tested, warm-dry, cold-
dry, and cold-moist, were all sufficient for germination
(Table 3). Germination increased with time and reached 98
percent for the cold-moist treated seeds after 120 days
storage. The cold-moist storage condition simulated Mid-
Atlantic winter weather. The overall mean germination
percentages for the environmental conditions over storage
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stored under the warm-dry and cold-dry conditions.

Some of the variability in seed germination was due to a
significant interaction between seed source and
environmental condition (Figure 2). Staple Bend and
Rothrock had one pattern of response, while Port Trevorton
and Bitumen had another pattern. The Staple Bend-
Rothrock pattern showed statistically significant
germination differences between cold-moist and warm-
dry/cold-dry conditions. For the Port Trevorton-Bitumen
pattern the differences among treatments could not be
separated out. The patterns were not attributed to species
differences because seeds collected from Staple Bend and
Bitumen were Giant knotweed, while those from Rothrock



Table 4—Overall mean? percent seed germination for
storage times and environmental conditions among all
seed sources and seed conditions. N = 3,840 seeds used
per storage time

Storage time (days)

Environmental

conditions 30 75 120 Overall
------------------ Percent-----------------
Warm dry 88b 88b 90b 88b
Cold dry 88b 90b 90b 90b
Cold moist 95a 95a 98a 95a

@ Values within each storage time with the same lower case letter
were not significantly different at the .05 level.

B Warm-dry Cold-dry M Cold-moist

100 =
ab
95 ab _
< b b p
~ 90 ]
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Staple Rothrock Port Bitumen
Bend Trevorton

Figure 2—Overall mean percent germination for Giant and
Japanese knotweed seed under three environmental
conditions. N= 960 seeds per source under each
environmental condition. Values among all seed sources
and storage times with the same lower case letter are not
significantly different at the .05 level.

and Port Trevorton were Japanese knotweed. Since
collection was done in October, all seed had similar
maturity. The plants growing at Bitumen produced seed
with the highest percent germination under the cold-moist
storage conditions.

Although germination varied due to a few factors, overall
percentages were high. The different combinations we
tested provided valuable evidence that Japanese and Giant
knotweed were capable of reproducing sexually in the
United States.

Viability Assessment Germination Trials

Seeds with shrunken seed coats were believed to be those
in which the endosperm had not been fully developed. The
null hypothesis was that seed coat condition, normal or
shrunken, made no difference in germination. Chi Square

analysis (alpha=.05, df=1, critical value = 3.84) indicated
significant differences in germination percentages for these
five sources: St. Michael, Archrock, Hyner, Betzwood Park,
and Valley View (Table 2). The null hypothesis was rejected
for these seed sources, because seed coat condition did
make a difference in germination. Seeds with shrunken
seed coats had significantly lower germination
percentages. Germination percentages for Lumber Road,
Staple Bend, Tunnelhill, Bitumen, Sinnemahoning, and
Bushkill Church were not significantly different between
normal and shrunken seed coat conditions. The null
hypothesis was not rejected for these six seed sources.

Half of the seeds performed as expected, in that seeds
with the shrunken coat condition did not germinate.
However, some shrunken seeds germinated at high
percentages. The explanation is probably linked to the
population structure and the relative proportion of plants of
different sexes. A common factor among the sources that
performed as expected was the ratio of female:male plants.
Japanese knotweed plants at Hyner, Valley View, Archrock,
and Betzwood Park exhibited shrunken seed coats and all
had mostly female or only female parent plants. Bushkill
Church had more female Japanese knotweed plants than
male. The remainder of the sites had Giant knotweed, of
these, Staple Bend, Tunnelhill, and Bitumen, had a greater
proportion of male plants. Lumber Road and
Sinnemahoning had equal numbers of male and female
plants. The abundance of male plants was integral,
because of increased chances of pollination. Seed coat
condition was not a consistently good descriptor of seed
quality, and other methods should be explored.

Soil Core Study

Soil cores were placed into a greenhouse on May 20.
Germination of the knotweed seeds began May 27 and
culminated on July 2. The mean number of seedlings per
core by June 21 were Bitumen 4, Lumber Road 24,
Rothrock 32, and Staple Bend 5. The mean number of
potential seedlings per square meter were extrapolated
from this data (Figure 3). The range of seedlings in the
cores was 0-120, or equivalent to greater than 6,500
seedlings per square meter). Analysis of Variance
(alpha=.05) showed that the mean number of seedlings
from soil samples taken at Rothrock and Lumber were
significantly different than those from Staple Bend and
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Figure 3—Mean number of potential seedlings/ m? at the
four study sites, extrapolated from the number of seedlings
per 182 cm? soil core. N= 50 cores per soil source.
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Bitumen. There were no significant differences between
Staple Bend and Bitumen or between Rothrock and
Lumber Road (Table 5).

The majority of seedlings emerged from the sides of the
core, where the soil profile had been slightly disturbed
during collection and placement. The soil was not mixed to
promote germination.

The results of Bitumen cores were lower than expected,
based on the viability assessments and germination data.
This may be attributed to the difficulty of collecting an intact
soil core. Gravel in the strip-mine spoil made it nearly
impossible to get an intact soil core close to the knotweed.
The low number of seedlings could be due to a reduced
amount of soil collected, or to increased distance from
parent plants.

Rothrock soil cores had significantly different numbers of
seedlings than those from Staple Bend, although there
were no significant difference in germination potentials for
the two sources of seed. Soil quality and abundance of
seed-eating invertebrates may be contributing factors to the
differences in number of seedlings emerging from the soil
cores. Staple Bend and Rothrock soil cores had thick
humus layers, while Bitumen and Lumber Road cores had
little humus and came from gravel road areas.

There was a naturally occurring, viable seedbank at these
four locations. Seedling mortality was expected because of
the reported absence of seedlings in nature. However, the
soil core study showed that seedlings were capable of
surviving and producing flowers and seeds within one
growing season.

CONCLUSIONS

Japanese and Giant knotweed were found throughout three
river drainages in Pennsylvania. The populations examined
were the dominant vegetation on the sites. Millions of seed
were produced annually by Japanese and Giant knotweed

Table 5—Mean® number of Giant and Japanese knotweed
seedlings/ core, range of seedlings/core, and number of
potential seedlings per m? from four soil sources. N =50
cores per soil source

Soil source Seedlings Range Seedlings
-------- Per core -------- Per m?
Bitumen 4b 0-37 220
Lumber Road 24a 0-120 1319
Rothrock 32a 0-106 1758
Staple Bend 5b 0-28 275

#Values of seedlings per core among the soil sources with the
same lower case letter were not significantly different at the .05
level.
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at these locations. Independent, multiple year seedlings
were discovered at four locations in the summer of 1996
and 1997.

The use of physical characteristics to determine viability
was not reliable. Seed coat condition was not a
consistently good indicator of seed quality. The potential of
Japanese and Giant knotweed seed to germinate
depended on the viability of the endosperm. Endosperm
content can be visually assessed for a rough estimate of
viability. A germination test is the best method for
determining the sexual reproduction of a population.

The germination trials showed that Mid-Atlantic winter
weather conditions were the best for seed germination.
Cold-moist storage of seeds over 30, 75, and 120 days
yielded the highest percent germination, averaging 95
percent overall. The mean percent germination for the four
seed sources over all storage times, seed conditions and
environmental conditions was 91 percent.

Seedbanks were found to be naturally occurring at four of
the study sites and had the capacity to germinate in the
spring and summer. Seeds in soil can go into induced
dormancy and germinate under more favorable conditions,
like when exposed to air after soil disturbance. Seedlings
have the capacity to survive and grow into vegetative
adults in one growing season. Observations during the
seedbank study suggested that soil disturbance might lead
to higher incidences of seedling emergence.

Japanese and Giant knotweed pose serious threats to our
natural ecosystems and should be managed carefully.
Seeds germinate in the spring and summer. Areas should
be monitored for seedlings, especially in riparian zones and
on paths where bare soil is exposed.
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SOIL DISTURBANCE AND PRODUCTIVITY FROM WIDE-TIRED SKIDDER TRIALS
IN MINNESOTA ASPEN HARVESTS

Mathew F. Smidt and Charles R. Blinn 1!

Abstract— The soil disturbance and productivity of wide-tired and narrow-tired skidders was compared on aspen harvests
in east-central Minnesota. Split plot comparisons showed that wide-tired skidders (73-44.00x32 tires) had cycle times 16
percent greater than the narrow-tired skidder (30.5Lx32 tires) for an average travel distance of 160 meters. The increased
total cycle time for the wide-tired skidder came partly from significantly greater load building time. Since adequate traction
and flotation were available throughout the harvest trials, wide-tired skidders had no advantage in any of the cycle
elements. No significant difference was detected for production (tonnes/productive machine hour) partly due to small
sample size. The mineral soil upland sites used in the study did not present any difficulty in operability for either skidder.
The area in shallow depressions and ruts ranged from 2 to 23 percent (mean = 12 percent) with no significant difference
due to tire size. During the study the application of the wide-tired skidder was affected by 1) poor truck access over haul
roads and landings which restricted activity when soils were wet and 2) other production bottlenecks such as trucking
limitations and volume quotas which limited operation productivity.

INTRODUCTION

In the Lake States, harvesting operations are often
restricted during and following the spring snow melt (often
referred to as spring break-up) because of the potential of
soil damage and low harvesting productivity. Operators can
be idle for as long as three months in this period. In an
effort to recover productive time during this period and
decrease soil impact throughout the growing season
loggers are experimenting with wide tires.

A number of production trials comparing skidders with wide
tires to those with conventional tires reported increased
skidder productivity for wide-tired skidders on wet, level
terrain (Hassan and Gupta 1988, Heidersdorf and Ryans
1986, Mellgren and Heidersdorf 1984, Novak 1988). In
addition to productivity benefits, the increased mobility of
skidders equipped with wide tires was also an important
production benefit (Meek 1994, Mellgren and Heidersdorf
1984, Novak 1988).

Comparison of rutting in operational trials on swampy sites
showed that while wide tire application reduced rut depth,
the total coverage of ruts was only slightly lower for wide-
tired skidders (Groot 1987, Heidersdorf and Ryans 1986,
Novak 1988). Although wide-tired skidder use reduced soil
compaction and maintained higher infiltration when
compared to the narrow-tired skidder use, Aust and others
(1991) cautioned that operation of skidders on wet sites
made possible by wider tires could produce greater solil
impact due to the increased site access not possible with
narrow tires.

While the primary motive of wide tire use may be to
decrease site disturbance, production comparisons may
provide loggers and foresters with decision criteria for wide
tire application. The objectives of this research were to

compare a) the production of wide-tired and narrow-tired
skidders on upland aspen sites and b) the soil disturbance
resulting from the trials.

SITE DESCRIPTION

Research sites were established in northern Kanabec and
Mille Lacs counties of east-central Minnesota. Each of the
five sites were between six and eight hectares in size. The
forest cover was generally aspen and mixed hardwood
forest that varied slightly in composition, topography, and
drainage. Tree volume, volume per acre, and stand basal
area varied slightly among the sites (table 1).

The gently sloping sandy loam soils on the research sites
were derived from glacial till. The soils were generally
classified as having moderate drainage, but the dense till
layers about 50 to 100 centimeters below the surface
restricted drainage. Each site included small wetland or low
areas with organic surface horizons. Site 1 had slightly better
drainage than sites 2, 3, and 4. Site 5 had the poorest
drainage and approximately 40 percent of the site was
covered by poorly drained soils with organic surface
horizons. Sites 1 and 4 had the most topographic relief
(5-20 percent slope), sites 2 and 3 were gently rolling (5-10
percent slope), and site 5 was nearly flat (0-5 percent slope).

METHODS

The sites were divided into approximately equal halves or
harvest areas for application of either the wide-tired or
narrow-tired skidder. The harvest of sites 1 and 2 began in
mid July and was completed at the end of August in 1991.
In 1992 harvesting commenced on site 3 on May 25 and all
sites were harvested by July 17. Efforts were made to
begin harvesting as early as possible, but the poor
condition of site access roads delayed harvesting in both
years to the dates listed.

! Assistant Extension Professor, Department of Forestry, University of Kentucky, Jackson, KY 41339; and Professor/Extension Specialist,
Department of Forest Resources, University of Minnesota, St. Paul, MN 55108, respectively.
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Table 1—Stand variables for each harvested site

Site
Stand variable 1 2 3 4 5
Volumel/tree (m®)? 0.20 0.29 0.21 0.30 0.27
Merchantable trees (#/ha)® 449 480 380 395 296
Volume/hectare (m®/ha)? 88 138 80 119 80
Basal area (m?/ha)® 24.7 325 22.8 311 24.4

#Northern red oak was excluded. Merchantability standards were dbh > 15 cm, top diameter
>10 cm (dob), and merchantable height > 5 m.

5 Included all trees with dbh > 2.5 cm.

In 1991 the logging firm had two skidder operators, one
operator for each skidder-tire combination. In 1992 a single
operator was used for both skidders. All operators had
extensive experience (> 5 years) in skidder operation and at
least one year of experience with the wide-tired skidder.

Trees were skidded to the landing in tree-length form on all
sites except site 5 where it was full-tree skidded and
chipped at the landing. A John Deere (JD) 640D grapple
skidder was employed for most of the study with limited
use of a JD 648D grapple skidder (site 1 and 4). The
narrow-tired skidder was equipped with 30.5Lx32 tires, and
the wide-tired skidder was equipped with 73-44.00x32 tires.
The JD 648D was used only as the narrow-tired skidder. In
1991 felling was accomplished with a JD 643 equipped
with 64-34.00x26 tires in wide-tired configuration and
28Lx26 tires in the narrow-tired configuration (sites 1 and
2). In 1992 a Case tracked excavator with a feller-buncher
head was used for felling all harvests (sites 3, 4 and 5).

Soil Conditions

Forty-four permanent plots were located randomly
throughout each site prior to harvest for collection of soil
information. On the same day that the area around the plot
was skidded, soil samples were collected with a probe from
undisturbed soil near the permanent plot markers from 0 to
20 centimeter and 20 to 40 centimeter depths. The soil
samples were dried for 24 hours at 105° C and the
gravimetric soil moisture was calculated.

The soil disturbance sampling technique was based on
that described by Howes and others (1983). The
permanent plot markers were used as starting points for
the transects. Ten points, 3 meters apart, were located
along the transect which was oriented at a random
azimuth. The area below each point was categorized as
undisturbed, slash covered, rutted, mineral soil exposure,
water covered, rocks, or stumps. The points with possible
soil compaction were categorized as shallow depressions
(< 5 centimeters), moderate ruts (=5 and < 15
centimeters), and deep ruts (= 15 centimeters). Mineral
soil exposure included conditions ranging from mixed
mineral soil and organic matter to complete removal of the
surface organic layer.
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The proportion of area compacted (shallow depressions
and all ruts), moderate and deep ruts combined (= 5
centimeters), no disturbance, and all disturbance (all
compacted classes plus mineral soil exposure) were the
dependent variables modeled with a transformed logistic
model (Neter and others 1985). The model included site,
treatment (wide-tired or narrow-tired skidder harvest), and
the interaction of site and treatment. The surface soil
moisture (0 to 20 centimeters) for each sampling point was
included as a covariate. The F ratio for the treatment was
formed by the ratio of treatment mean square to the
interaction mean square appropriate for nested designs.

Continuous Timing and Production

During the narrow- and wide-tired skidder harvests, 50 to
100 entire skidding cycles were timed midway though each
harvest. The major skidding elements timed were unloaded
travel, loaded travel, load building, delay, piling, and trail
building. Load building included all maneuvering and hookup
activities to build the load. Location of landmarks and
permanent plot locations were used to estimate the loaded
travel distance or travel distance(from the landing to the first
bunch collected). Travel distance was collected for each
cycle regardless of continuous timing. Missing data resulted
in different sample size for elements. During continuous
timing load size was measured only as trees per load.

The cumulative production data were collected over 2 to 5
days of production from each harvest area. To make up for
the small number of sites, additional cumulative production
samples were created from each site when the operation
stopped completely due to circumstances like serious
breakdown or poor weather conditions. A total of 15
production samples were collected. Data collected included
total production (stick or weight scaled in tonnes), total
productive time, number of cycles, and fuel use, and the
travel distance for each cycle. From those data total cycle
time, average load size, average travel distance,
production per hour, and fuel consumption were calculated.

The dependent variables from continuous timing and
cumulative production data were modeled using the GLM
procedure (SAS Institute 1988) with the expanded model:
site, treatment (tire: narrow or wide), travel distance



(covariate), and the interactions tire*site and tire*travel
distance. If the F value (type lll sums of squares) for the
interaction, tire*travel distance, was not significant (P <
0.10), it was deleted from the model and a reduced model
was used.

RESULTS AND DISCUSSION

Soil Disturbance

Soil moisture conditions on sites 1, 3, 4, and the narrow-
tired area of 5 had similar average soil moisture at both sall
depths (table 2). Organic areas within the wide-tired area of
site 5 had increased average soil moisture, and the August
harvest date of site 2 resulted in considerably drier soil
during the harvest.

Tire size was not a significant factor in any of the
disturbance measures (P < 0.10), and site was largely the
only significant term in the models. Even with moist soil

conditions throughout the sites, soils provided generally
adequate support for the equipment as indicated by the
low coverage of deep ruts across all sites (table 3). The
low level of soil disturbance on site 2 could be related to
the dry soil. The low soil disturbance on site 5 was
produced in part by the concentrated skidding pattern
present. Relatively high levels of disturbance, especially
on sites 1 and 4, resulted from the high skid trail density
produced by unplanned skid trails. The change from
wheeled (sites 1 and 2) to tracked feller buncher (sites 3,
4, and 5) was not obvious from the site totals, but was
correlated with generally drier (sites 1 and 2) and
generally (sites 3, 4, and 5) wetter soil conditions in the
successive harvest years.

Continuous Timing and Production

Model P values were generally lower for the cumulative
production data than for continuous timing data due in part
to the smaller sample size and the increased error

Table 2—Completion date and average soil moisture data for the harvest
areas harvested by the wide-tired (W) or narrow-tired (N) skidder

Site Harvest date Harvest area Gravimetric soil moisture
Oto 20 cm 20 to 40 cm
1 7/91 W 0.38 0.22
N 0.38 0.22
2 8/91 W 0.18 0.12
N 0.20 0.14
3 6/92 w 0.39 0.26
N 0.33 0.19
4 6/92 W 0.39 0.26
N 0.39 0.24
5 7192 W 0.69 0.36
N 0.36 0.25

Table 3—Soil disturbance categories for the narrow-tired (N) and wide-tired (W) skidder harvest areas for each site. Totals do
not equal 100 percent since coverage of natural water filled depressions, stumps, and rocks was omitted

Site
1 3 4 5
Disturbance class w N w N w N w N w N
1) Shallow depressions (<5 cm) 18 10 5 7 8 8 14 12 7 2
2) Moderate ruts (> 5 cm,< 15 cm) 5 2 2 1 2 5 3 6 0 0
3) Deep ruts (> 15 cm) 0 1 1 0 1 1 1 1 0 0
Total depressions (TD)(1 + 2 + 3) 23 13 8 8 11 14 18 19 7 2
Slash cover 17 20 20 20 14 17 15 22 15 21
Mineral soil (MS) 27 40 33 41 36 38 36 30 25 29
Total disturbed (MS + TD) 50 53 41 49 47 52 54 49 32 31
Total undisturbed 18 26 37 27 36 26 30 30 49 43




explained by the covariate, travel distance, in the
continuous timing models (table 4). In the continuous
timing data each cycle had a travel distance estimate
whereas in cumulative production data the total cycle time
and travel distance where averages for that cell. In the
continuous timing models, significant (P < 0.10) differences
for tire size were found for load building time and for travel
distance and tire interactions for total cycle time and delay.
In the cumulative production data a significant difference
was found for only total cycle time.

With the continuous timing data the difference between
wide-tired and narrow-tired skidder total cycle time
increased with increasing travel distance. This was
indicated by the significant interaction, tire*travel distance.
The total cycle time for the wide-tired skidder increased
with travel distance about 22 percent faster than the
narrow-tired skidder total cycle time (figure 1). The delay
model also had a significant interaction, tire*travel distance,
and produced results similar to the total cycle time model
with respect to the wide-tired skidder. Although the delay
model is significant, the R? is only 0.055 compared to over
0.30 for all other element models. The interaction term was
not significant for any other element, but the model
predicted load building times 0.38 minutes/cycle greater for
the wide-tired skidder across all travel distances.

In trials on wet terrain the cycle time advantage for wide-
tires was produced during the travel elements of the cycle
(Hassan and Gupta 1988, Heidersdorf and Ryans 1986,
Mellgren and Heidersdorf 1984, Novak 1988). The
similarity of unloaded and loaded travel times in this trial
might indicate that the wide-tires were not able to produce
improvements in traction or reduction in slip because of the
relatively firm soil conditions present throughout the
harvests. Similar or smaller increases in load building time
for wide-tired skidders over narrow-tired skidders have
been reported in the previous trials. The delay time
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Figure 1—Average observed total cycle time from the
harvest areas and predicted total cycle time from the
continuous timing model for wide-tired (+) and narrow-tired
(o) skidders versus average travel distance.

difference is difficult to explain since reasons for the delays
in this study were not completely specified. The significant
differences might result partially from confounding among
site, delay time, and travel distance. Travel distance and
site are somewhat confounded since a few sites contribute
the majority of very long travel distances. The confounding
problem is greater with the continuous timing data since
most of the data for a site is taken over the more limited
range of travel distances traversed in one or two days.

The high R? in the cumulative production models were
mainly the result of limited replication within the harvest
areas on each site. Only one model, total cycle time was
significant at even a high P value of 0.10. The estimate of
total cycle time was calculated as the total productive time
divided by the number of cycles in the sample period
(figure 2). These estimates were larger for a given travel

Table 4—Model R?, N, and P value and tire, travel distance (TD), and tire*travel distance interaction P values for continuous
timing and cumulative production data. If the tire*travel distance interaction was not significant (P < 0.10), model, tire, and travel
distance interaction P values are from the reduced model without that interaction term

Model P values Model P values

Continuous Cumulative
timing Pvalue N R2 Tire TD Tire*TD  production P value N R? Tire TD Tire*TD
Unloaded Total cycle

travel 0.0001 737 0.85 0.422 0.0001 0.549 time 0.006 15 0.96 0.093 0.003 0.737
Load

building 0.0001 760 0.30 0.020 0.0001 0.631 Production 0.246 15 0.79 0.128 0.191 0.359
Loaded

travel 0.0001 776 0.85 0.565 0.0001 0.400 Load size 0.448 15 0.70 0.693 0.365 0.388
Delay 0.0001 894 0.06 0.186 0.0001 0.001 Fuel use () 0.310 13 0.87 0.359 0.065 0.812
Total cycle Fuel use

time 0.0001 703 0.50 0.370 0.0001 0.001 (/pmh) 0.626 13 0.74 0.271 0.412 0.506
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Figure 2—Predicted total cycle time from the cumulative
production model and observed sample average total cycle
time for wide-tired (+) and narrow-tired (0) skidders versus
average travel distance.

distance than those from the continuous timing data,
probably because cumulative production data contained
the slower production periods that occurred at the
beginning and end of the harvests. Total cycle time
estimates for the wide-tired skidder were 0.92
minutes/cycle greater than those for the narrow-tired
skidder across all travel distances. Significant total cycle
time differences did not translate into significant differences
in production (figure 3). Variation in load size could have
introduced enough variability into production to mask the
significant difference observed in total cycle time.

CONCLUSIONS

The relatively dry to moist soil conditions present
throughout the study period prevented, for the most part,
the demonstration of the advantages of wide-tires evident
when used on softer, moister soil. However, wide tires did

54 r 2
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Figure 3—Production estimates versus average travel
distance. Observations from narrow-tired harvest areas
are indicated by the site numbers (1 - 5) alone.
Observations from wide-tired harvest areas are indicated
by the site number followed by an apostrophe. 1 and 1'
represent narrow-tired and wide-tired skidder observations,
respectively, from site 1.

not produce any significant disadvantage in the travel
elements of the cycle. The increased total cycle time for
the wide-tired skidder seemed to be the result of
accumulated insignificant differences in unloaded and
loaded travel time and the significant differences in delay
and load building times.

Operators commented that it was more difficult to
maneuver around stumps and rocks in the harvest areas
due simply to the extra width of the tires. They were
operating the wider tires with inflation pressures near 210
kPa due to dealer recommendations to prevent the bead
separation from the rim. With the high pressure in the wide
tires, jolts from running over obstacles were transferred to
the operator rather than at least partially absorbed by the
tire. The rougher ride may have been less important in
travel element than load building since a relatively
obstacle-free path could be chosen for repeated use.

Production bottlenecks might have had considerable
effect on both production and total cycle time. Although
landing placement emphasized access to all weather
roads, the inability of trucks to get to the landing and
remove stored wood inhibited production for as many as
several days following rains that occurred throughout the
study period. Since landing space was constantly limited
due to either restricted road access or the supply of
trucks, operators had no incentive or ability to increase
production. As an example site 5 had similar production
across a wide range in travel distance caused by the
limited chipper capacity and inadequate supply of chip
vans (figure 3).

Differences in site disturbance were also muted somewhat
by the firm soil conditions during operation. The near
absence of deep rutting indicated the soil’s ability to
provide both flotation and thrust for both machines.
However, the lack of significant difference in areal extent of
rutting is a result similar to other studies on much softer
and moister terrain. The majority of differences in the areal
extent of disturbance and rutting among sites was probably
due more to uncontrolled factors such as feller-buncher
type and activity, topography, and harvest layout.

The results of this study did not help to significantly clarify
issues of comparative productivity of wide-tired and narrow-
tired skidders on upland soils similar to these. Unless wet
season road and landing access is addressed in harvest
planning of upland sites, the operations may be restricted
even when the wide-tired machines can provide a
production advantage over conventional machines.

Inability to provide access or the lack of production
advantages on upland sites would leave the cost of wide
tires to be recouped mostly through decreases in site
disturbance. The shallow aspen roots which provide the
sucker regeneration are severely damaged even by the
shallowest ruts (Bates and others 1992, Smidt 1996).
Differences in areal extent of disturbance which are
controlled mostly by planning on dry and moist upland sites
are more critical than disturbance severity.
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IMPACTS OF HARVEST INTENSITY AND SOIL DISTURBANCE ON EARLY TREE GROWTH
AND EARTHWORM POPULATIONS IN A MISSOURI OZARK FOREST

Felix Ponder, Jr., Darrell E. Alley, Diann Jordan, Mary E. Swartz, and Victoria C. Hubbard .

Abstract— The long-term impact of increased removal of forest biomass and nutrients with increased harvest intensity on
soil productivity is a general concern. In 1994, a long-term study was initiated in the Missouri Ozarks as part of the National
Long-Term Soil Productivity (LTSP) study to study the effects of biomass removal and compaction on soil productivity. The
study has three levels each of organic matter removal (boles only, whole tree, and whole tree plus forest floor) and soil
compaction (none, moderate, and severe). This report presents 3-year preliminary results from the low and high organic
matter removal and soil compaction treatments with and without weed control on survival and growth of planted northern
red oak (Quercus rubra L.), white oak (Quercus alba L.), and shortleaf pine (Pinus echinata Mill.) seedlings. Differences in
seedling survival were affected by organic matter removal and soil compaction treatments. Trees with weed control were
larger in diameter, taller, and had more diameter and height growth than trees without weed control. Organic matter removal
and soil compaction treatments significantly affected the height and diameter growth of trees differently. Analysis of spring
and fall samplings of earthworm populations showed that soil compaction and time of sampling significantly influenced the

number and biomass of earthworms.

INTRODUCTION

Forest harvesting obviously removes nutrients from the
ecosystem. Conventional harvesting removes about 5 to 30
percent of the total nutrients in the aboveground stand, but
the average for most forests rarely exceeds 10 percent
(McColl and Grigal 1979). Intensive harvesting, which
removes a greater proportion of the forest biomass than
has traditionally been removed in sawtimber harvests, is
contemplated as a means to provide more biomass for
fiber, fuel, and chemicals. There is worldwide concern,
however, that increased removal of biomass and the
associated nutrients may cause a decline in forest
productivity. Also, the use of heavy equipment may
adversely affect physical properties of the soil causing
compaction, loss of porosity, and erosion.

These concerns led to the development of a joint National
Forest System/Forest Service Research study (Powers and
others 1989) on long-term site productivity (LTSP). The
national study has two major objectives. The first is to
determine how changes in soil porosity and organic matter
affect fundamental soil processes controlling forest
productivity and sustainability. The second objective is to
compare results from similar replicated studies among
major forest types and soil groups across the United States
and Canada. This report presents some early results in the
Missouri LTSP study of effects of organic matter removal,
soil compaction and weed control on the survival and
growth of planted trees and earthworm numbers and their
biomass.

METHODS AND MATERIALS

Study Site

The oak-hickory (Quercus L. - Carya Nutt.) forest type is
the major timber type in the Central Hardwood Region
occurring over a variety of soils, relief, and stand
conditions. The Missouri LTSP study is located at the Carr
Creek State Forest in Shannon County. Shannon County is
located in the southeastern Missouri Ozarks. Mean annual
precipitation in the area is 112 cm and mean annual
temperature is 13.3°C. The study site is located on the
upper northeastern-facing side slopes of two parallel
ridges. Both convex and concave landforms occur on the
sloping (20 to 28 percent slopes) topography. The
weathering of the Ordovician and Cambrian dolomite has
resulted in a deep mantle of cherty residuum (Gott 1975).
Soils derived from this residuum are primarily of the
Clarksville series (loamy-skeletal, mixed, mesic, Typic
Paleudults). Prior to harvest, the site had a well-stocked,
mature, second-growth oak-hickory forest. The site index
for 50 year-old black oak (Quercus velutina Lam.) ranged
from 74 to 80 feet (Hahn 1991).

Experimental Design

The LTSP study includes nine treatments derived from
combinations of three levels each of organic matter
removal and soil compaction. The three levels of organic
matter removal included (1) merchantable boles removed
(boles only, BO), (2) All living vegetation removed (whole
tree, WT), and (3) all living vegetation plus forest floor
removed, exposing mineral soil (whole tree + forest floor,
WTFF). Merchantable boles included trees with diameters
at breast height (dbh) of 25 cm or larger. The three levels
of compaction included (1) no compaction (C,),
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(2) moderate compaction (C,), and (3) severe compaction
(C,). The targeted bulk density of severe compaction
treatment was an increase of 30 percent more than the
bulk density of the no compaction treatment. The
moderate soil compaction treatment was intermediate
between the severe compaction and ho compaction
treatments. Each of the nine treatment combinations was
replicated three times. Physical and chemical plot
variables were also measured in three uncut
(unharvested) plots adjacent to treatment plots in the
study. For this report, two levels of organic matter removal
and two levels of soil compaction, each with and without
weed control, were used (Table 1).

Pre-Harvest Measurements, Site Preparation,

Treatment Application, and Sampling

After determining that the key soil properties did not vary
significantly across the areas, preliminary plot boundaries
were established. Contiguous plots, approximately 0.4
hectare (1 acre) in size, were assigned treatments
randomly in the summer of 1993. Five-meter-wide buffer
strips were included around all plots. A clearcut area with
all vegetation removed, whose width approximated or
exceeded the height of bordering trees, separated all
treatment plots from residual forest. The pre-harvest
inventory of the overstory, understory, herbaceous layer
and dead and downed woody material was completed in
the summer of 1993 by the Missouri Forest Ecosystem
Project forester and botany crew of the Missouri
Department of Conservation (Ponder and Mikkelson 1995).
Other collections before the harvest were biomass samples
from overstory canopy trees, understory saplings, ground
vegetation, and leaf litter/humus layer. In addition to 2.5
meter deep soil pits being dug and soil profiles described,
soil samples were collected for nutrient and bulk density
analyses (Ponder and Mikkelson 1995).

Trees were harvested from February thru May 1994. On
plots designated as no compaction, all trees with a dbh of
25 centimeters or larger (merchantable trees) on BO, WT,

Table 1—Treatment combinations for two levels each of
organic matter, compaction, and weed control in a Missouri
forest

Organic matter Soll Weed?
Treatment removal compaction control

BOC, BO C, With
BOC, BO C, Without
BOC, BO c, With
BOC, BO c, Without
WTFFC, WTFF C, With
WTFFC, WTFF C, Without
WTFFC, WTFF c, With
WTFFC, WTFF c, Without

@ Each treatment plot split on weed control treatment.
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and WTFF plots were directionally felled and removed
with a skyline cable logging system. Merchantable trees
on plots where the soil was to be compacted, plot borders,
and the area within the study boundary were directionally
felled and removed with a skidder that traveled only on
designated paths within the plots and in plot borders. After
the removal of merchantable trees in BO plots, the
remaining trees were felled. This standing biomass
included trees with dbh less than 25 centimeters
(unmerchantable trees), crowns from merchantable trees,
standing dead and live snags, and trees in the
herbaceous layer with basal diameters greater than 2
centimeters or at least 25 centimeters tall. Trees were cut
into lengths that permitted material to be hand carried, lay
on or near the ground, and form a layer of uniform height
over the plot. Except for crowns, which were retained on
the BO plots but not on WT plots, the remaining biomass
on WT plots was treated the same as biomass on BO
plots. On WTFF harvested plots, all biomass remaining
after harvest was removed. This included all understory
vegetation plus the forest floor was raked away to the
mineral soil. For BO and WT plots requiring compaction, it
was necessary to remove and replace these materials
(except the leaf/litter layer) after compaction was
completed. Skidders and tractors were permitted on
compacted plots, but not on plots that were not to be
compacted. A 14-ton vibrating sheep-foot roller was used
to compact soil. The roller made passes over the severe
compaction treatment until there was no change in bulk
density after roller passes. For bulk density
measurements, soil cores (30 centimeters in length x 9.2
centimeters in diameter) were extracted from each plot
using a soil-coring device (Ponder and Alley 1997). The
cores were divided into 10-centimeter depth increments,
oven dried at 105°C, and weighed. Bulk density for each
sample was calculated according to the method of the Soil
Survey Staff (1984). Soil bulk density measurements were
taken after the roller made one, three, five, and eight
passes over plots that received the severe compaction
treatment. Changes in bulk density usually ceased after
five passes.

In late spring of 1994, all plots were planted with 1-0 red
oak, white oak, and shortleaf pine in a 3:3:1 ratio, (3 red
oak seedling plus 3 white oak seedlings to 1 shortleaf pine
seedling), using hoedads. Seedlings were planted in rows
at a spacing of 2.5 meters by 2.5 meters. A 3-foot radius
area around each seedling was sprayed with a glyphosate
and simazine mixture to control weeds. Beginning in the
3rd growing season (1996), half of each plot was kept
weed-free to permit planted trees to grow freely. The other
half of the plot was allowed to develop naturally. Net
primary productivity in these two plant communities will
provide direct measures of productivity as influenced by
study treatments.

Seedling heights and diameters at 2.5 centimeters above
the ground were measured immediately after planting,
and annually thereafter. Twelve 900-centimeters?
subplots of herbaceous or ground flora samples were
collected from each plot annually in the fall for dry weight
and nutrient element concentration. Samples were



clipped, placed in paper bags, air-dried before oven
drying, weighed, ground in a Wiley mill and sent to the
Ohio Research Analytical Laboratory for elemental
analyses.

Earthworm Sampling

Plots were sampled for earthworms in the spring and fall
of 1995, the second year after completing the installation
of the study. Ten earthworm-sampling units were taken
randomly at approximately the same distance apart
across each plot: 5 from the upper 1/3 of the plot (top)
and 5 from lower 1/3 of the plot (bottom). Each sampling
unit measured 30.5 centimeters (length) x 30.5
centimeters (width) x 15 centimeters (depth). Earthworms
were also collected from three uncut plots. Earthworms in
top and bottom samples were combined for statistical
analysis.

Earthworms were hand-sorted, counted, and placed in
specimen cups containing about one-third volume of soil
and stored in ice chest immediately. Earthworms were
later recounted and preserved in formalin before being
identified using the internal characteristic identification
method of James (1990). Earthworms were dried in an
oven at 60°C for 48 hours and dry weights were recorded.
The oven-dried earthworms were ashed in a muffle
furnace at 500°C for 4 hours and the ash weights
recorded. Earthworm biomass was calculated by
subtracting the ash weight from the dry weight (Parmelee
and others 1990).

Statistical Analyses

The experiment was analyzed as a split-plot design with
three replications, with organic matter removal and
compaction treatments as the main plots and the weed
control treatments as the subplots. Analysis of variance
procedures were conducted with the PROC GLM
procedures in SAS (SAS Institute, 1987). Survival data
were analyzed using SAS (Allison 1995). Prior to analysis,
the data were transformed to equalize variance using log10
transformation. Data were analyzed using analysis of
variance and comparisons were made using the Least
Significance Difference (LSD) test. Unless otherwise noted,
all statistical tests were performed at the (o = 0.05 level of
significance.

RESULTS AND DISCUSSION

Bulk Density

The severe soil compaction treatment effectively increased
the bulk density over the no compaction treatment (Table
2). Bulk density generally increased with depth. The
percent change in bulk density between the no compaction
treatment (0 passes) and the severe compaction treatment
(5 or more passes) was 22, 29, and 26 percent for the 10,
20 and 30 centimeter depth increments, respectively.
Although soil compaction levels for the severe soil
compaction treatment were not at the targeted level of 30
percent greater than the levels for the no soil compaction
treatment, the differences were significant at the 0.05
level.

Table 2—Mean soil bulk density measurements for no
compaction and severe compaction treatments. Soil
compaction was done with a 14-ton vibrating sheep-foot
roller

Bulk density
Depth No compaction  Severe compaction?
Cm e G/CMP® =mmmmmmmmeeeeeeeee
0-10 1.26(0.2)° 1.61(+0.09)
11-20 1.33(0.23) 1.88(0.08)
21-30 1.56(20.27) 2.12(+0.37)

@Five or more passes.
® Numbers in parenthesis are standard deviation of mean based on
12 samples.

Survival

After three years, weed control had no significant effect on
survival of the planted seedlings (Table 3). However, there
were survival differences associated with organic matter
removal and soil compaction for each species. Survival for
all species was significantly lower in the BO treatments
compared to the WTFF treatments. Also, survival was
better for all species in the severe soil compaction
treatment than in the no compaction treatment. Most of the
mortality occurred during the first year (1994) after planting
(Table 4). Some of the mortality was undoubtedly caused
by the late planting period of May thru June.

Table 3—Survival of planted northern red oak, white oak,
and shortleaf pine with two levels each of organic matter
removal (removal), compaction, and weed control three
years after site preparation and treatment application in the
Missouri LTSP study

Treatment Red oak White oak  Shortleaf pine
------------------- Percent -------------------

Removal®

BO 76.1a° 77.3a 64.0a

WTFF 90.5b 87.4b 68.5b
Compaction

C, 79.4a 79.3a 60.4a

C, 87.0b 85.8b 70.3b
Weed control

With 80.2a 80.3a 60.1a

Without 78.2a 73.3a 57.6a

#BO means boles only and WTFF, whole tree plus forest floor
removal.

bValues in a column for a tree species and for a parameter are not
significantly different (a=0.05) when followed by the same letters.
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Table 4—Survival of planted northern red oak, white oak, and shortleaf pine after one two
and three years following site preparation and treatment application in a harvested Missouri

forest stand

With weed control

Without weed control

Treatment? 1995 1996 1997 1995° 1996 1997
-------------------------------- Percent ------==-=======cmeeeeee -
Northern red oak
BOC, 77 72 68a° 69 66 62a
BOC, 95 93 84b 89 86 77b
WTFFC, 97 96 91b 97 97 93b
WTFFC, 94 93 90b 94 94 92b
White oak
BOC, 78 73 72a 72 71 63a
BOC, 86 86 82ab 80 80 79a
WTFFC, 93 93 86b 95 95 78a
WTFFC, 96 95 88b 93 93 84b
Shortleaf pine
BOC, 47 47 46a 50 47 46a
BOC, 82 82 82b 90 90 90b
WTFFC, 78 78 75b 63 60 50a
WTFFC, 58 58 58a 71 71 70ab

2BO means boles only and WTFF, whole tree plus forest floor removal.

bAll trees had weed control in 1995.

“Values in a column for a tree species are not significantly different (a¢=0.05) when followed by the same

letters.

The lack of survival differences between weed control
treatments is not a surprise. All plots received weed control
treatments for the first two years after planting. Without
weed control during the first several years after planting,
seedlings planted in harvested stands using conventional
procedures usually have very poor survival. Much better
survival has been known to occur when large diameter
seedlings are planted beneath shelterwood systems
(Johnson and others 1986). It appears that part of the
reason for the relative low survival of trees in BOC,
treatment where only boles were removed and there was
no soil compaction treatment may be due to the somewhat
better growth of invading herbaceous vegetation. Although
the weight of herbaceous vegetation did not differ
significantly between treatments, they ranked in the order
of BOC, > WTFFC, > BOC, > WTFFC,. Also, the
uncompacted plots tended to have more surviving natural
trees and sprouts. Many existing small trees and shrubs
were killed or severely damaged during the soil compacting
process. Also, damaged stumps in the severe compaction
treatment produced few sprouts. Removing the forest floor
also eliminated seeds from the plots and exposed others
that might have been eaten by birds and rodents.

Growth

Both diameter and total diameter growth of trees three
years after planting were significantly affected by
treatments (Table 5). Treatments affected species
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differently. Organic matter removal affected both the
diameter and the total diameter growth of both red and
white oak, but not shortleaf pine. Diameter growth was
more than two times and nearly two times greater for red
oak and white oak, respectively, in the Bo treatment
compared to the WTFF treatment. Neither was diameter or
total diameter growth of any of the trees tested significantly
affected by compaction treatments, but weed control did.
Trees with weed control were larger in diameter and had
more diameter growth than trees without weed control.
There were significant interactions between organic matter
removal and weed control, and organic matter removal and
compaction for diameter, and between organic matter
removal and weed control for total diameter growth for
white oak. Both diameter and total diameter growth
followed the order of BO with weed control > WTFF with
weed control > BO without weed control > WTFF without
weed control. The diameters of white oak trees for the
significant interaction between organic matter removal and
compaction were BOC, > BOC, > WTFFC, > WTFFC,,

Except for shortleaf pine, trees with weed control were
significantly taller than trees without weed control (Table 6).
Total height growth of northern red oak was also
significantly better with weed control than without it. Organic
matter removal did not affect total height growth of of any of
the species tested, but it did significantly affect the height of
white oak. White oak in the BO treatment was taller than



Table 5—Diameter and total diameter growth of planted northern red oak, white oak, and
shortleaf pine with two levels each of organic matter removal (removal), compaction, and
weed control three years after site preparation and treatment application in the Missouri

LTSP study
Diameter Total diameter growth
Red White Shortleaf Red White Shortleaf
Treatment oak oak pine oak oak pine
_____________________________________ mm gy g g g gy Sy

Removal?

BO 19.8a° 11.5a 22.8a 15.2a 7.0a 20.0a

WTFF 11.4b 8.5b 20.5a 6.7b 3.8b 17.7a
Compaction

C, 17.8a 10.3a 20.6a 13.2a 5.9a 17.9a

C, 11.7a 9.7a 20.6a 6.9a 5.0a 17.7a
Weed control

With 21.2a 11.5a 25.3a 16.6a 7.1a 22.6a

Without 9.5b 8.3b 17.9b 4.8b 3.8b 15.1b

#BO means boles only and WTFF, whole tree plus forest floor removal.
bValues in a column for a tree species and for a parameter are not significantly different (a=0.05) when

followed by the same letters.

Table 6—Height and total height growth of planted northern red oak, white oak, and
shortleaf pine with two levels each of organic matter removal (removal), compaction, weed
control three years after site preparation and treatment application in the Missouri LTSP

study
Height Total height growth
Red White Shortleaf Red White Shortleaf
Treatment oak oak pine oak oak pine
..................................... CIN === === m e e e
Removal?
BO 76.9a° 57.6a 105.5a 41.7a 41.0a 90.0a
WTFF 73.8a 51.3b 106.3a 40.9a 35.0a 92.0a
Compaction
C, 77.2a 54.5a 98.5a 43.3a 38.2a 83.2a
C, 72.2b 54.1a 115.7b 37.6a 37.4a 101.3a
Weed control
With 83.7a 60.5a 106.8a 49.5a 43.8a 92.0a
Without 66.6b 47.8b 105.0a 32.5b 31.5a 89.9a

B0 means boles only and WTFF, whole tree plus forest floor removal.
bValues in a column for a tree species and for a parameter are not significantly different (0=0.05) when

followed by the same letters.
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white oak in the WTFF treatment. Soil compaction affected
the height of northern red oak and shortleaf pine differently.
Northern red oaks in the no soil compaction treatment were
taller than red oak in plots that were in the severe soil
compaction treatment, but the opposite was true for
shortleaf pine. There was a significant interaction between
soil compaction and organic matter removal for both height
and total height growth for white oak. Treatments for height
followed the order BOC,> WTFFC, > BOC, > WTFFC,,.
The order of treatments for total diameter growth followed
the order BOC, > BOC, > WTFFC, > WTFFC,,.

Earthworms

Soil compaction significantly affected the number of
earthworms in both spring and fall samples, but it affected
their biomass only in the fall samples (Figures 1 and 2).
The number of earthworms found in the spring was 50, 42,
and 15 per meter?, respectively, for uncut, no compaction,
and severe compaction treatments. The number of
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Figure 1—Response of earthworms to organic matter
removal (BO, WTFF, and Uncut) and soil compaction
(None, Severe, and Uncut) in a Missouri forest.
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Figure 2—Earthworm biomass affected by organic matter
removal (BO, WTFF, and Uncut) and soil compaction
(None, Severe, and Uncut) in a Missouri forest.

126

earthworms was considerably higher in soils sampled in
the fall than in soils sampled in the spring. They were 132,
89, and 48 per meter?, respectively, for no compaction,
uncut, and severe compaction treatments. Earthworm
biomass for fall samples was 5.1, 3.0 and 2.1
grams/meter?, respectively, for no compaction, uncut, and
severe compaction plots. Neither the number of
earthworms nor their biomass was significantly affected by
organic matter removal treatments in spring or fall samples.

These observations suggest that soil compaction has,
perhaps, been more influential than organic matter removal
on tree growth and earthworm activity. Nutrient analyses of
the herbaceous vegetation collected in year three of the
study showed that except for P, differences between
treatments were not significant. The leaf P concentration
for herbaceous vegetation from the BOC,, treatment was
significantly higher than the P concentration in herbaceous
vegetation from the WTFFC and the WTFFC, treatments.
Phosphorus concentration for all four treatments were in
the order of BOC, > BOC, > WTFFC, > WTFFC,,
Herbaceous samples collected in year two showed N to be
significantly different between the BOC, treatment and
other treatments (Ponder 1997). But the difference was not
present in year three. Apparently, nutrient differences
caused by biomass removal treatments (Ponder and
Mikkelson 1995), which may eventually affect soil nutrient
supply, are not currently different enough to be detected
consistently in herbaceous samples.

The increase in soil bulk density associated with soil
compaction can, depending on the soil moisture content
affect the soil strength. Soil strength affects the ability of
roots, and perhaps earthworms, to penetrate or move
through the soil. Soil compaction also reduces soil porosity.
Decreased soil porosity can reduce soil water, cause poor
aeration, and affect the distribution and growth of
earthworms (Edwards and Bohlen 1966). We do not report
soil strength or soil porosity measurements for this study.
However, researchers investigating other LTSP sites have
reported that after five years, soil strength in compacted
plots was significantly higher and soil porosity was
significantly lower than for soil in no compaction plots,
(Powers and Fiddler 1997; Stone and Elioff 1998).

Because of the cherty, well-drained, soils in the study area,
we had expected earthworm numbers to be higher in the
spring when soil moisture was believed to be greater. The
larger number of earthworms in the fall compared to the
spring may be due to, in addition to the effects of soil
compaction, the results of a number of soil environmental
factors acting alone or interacting with each other. These
may include soil temperature, soil moisture, organic matter,
and perhaps, the species reproduction patterns.

SUMMARY

Early tree survival was significantly higher in WTFFC,
treatments. Both organic matter removal and soil
compaction treatments affected diameter, diameter growth,
height, and height growth of tree species differently. Tree
growth was also significantly better with weed control than
without weed control.



These results are preliminary. The earthworm study along
with some more recently initiated monitoring of soil and leaf
nutrient analyses, soil moisture, and soil temperature is
continuing. Also of interest, will be the long-term effects of
weed control on tree biomass production, soil moisture,
and soil temperature, and interactions of weed control with
organic matter removal and compaction to influence
vegetation growth (Powers and Fiddler 1997). Analyses of
these data should help to better define the below-ground
effects of organic matter removal and soil compaction on
tree growth and how earthworms respond to these
disturbances. Survival and growth differences among
treatments should become more pronounced as the stand
continues to develop.
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CONTRASTING TIMBER HARVESTING OPERATIONS ILLUSTRATE THE VALUE OF BMPS

James N. Kochenderfer and James W. Hornbeck *

Abstract— Our paper compares water yield, water quality, and sedimentation from a harvesting operation conducted in
1957 without BMPs to a harvesting operation in 1986 utilizing BMPs. The comparison illustrates the values of BMPs for
protecting soils and streams and provides insight into causes of water quality degradation. Both logging operations were
conducted on or near the Fernow Experimental Forest located in north central West Virginia. The 1957 logging operation
was conducted on a 74-acre watershed using a crawler tractor equipped with an arch. Roads were unplanned “logger’s
choice” with no limits on grade or location. West Virginia’s BMPs were used on a second 96-acre watershed logged with
wheeled skidders in 1986. Results indicated that careless logging greatly accelerated sediment yields but development of
erosion pavements and natural vegetation quickly reduced them, even with no post-logging care. Although the percentage
of area occupied with dozed roads was actually greater (10.6 versus 3.6 percent) on the area logged in 1986 with wheeled
skidders, water quality impacts were much less. Average stream turbidity during logging in the absence of BMPs was 490
ppm versus <10 when using BMPs. Sediment loss during active logging was estimated at 2,880 Ib/ac on the carelessly
logged watershed compared to 110 Ib/ac when BMPs were used.

INTRODUCTION

Bare soil exposed during timber harvesting can be a major
source of water degradation, but guidelines developed over
the years reduce adverse impacts on soil and water
resources (Weitzman 1952; Haussman 1960; Kochenderfer
1970; and Pierce and others 1992). Passage of the Federal
Water Pollution Control Act Amendments of 1972 required
use of BMPs to control nonpoint-source water pollution from
forestry activities. Despite application of past research and
BMPs, and the goals of present-day forest managers to
sustain and protect site productivity, critics of current timber
harvesting operations sometimes equate them with less
careful logging operations of the past. Thus it is important to
demonstrate the improvements of current logging and
BMPs in terms of protecting soil and water resources. This
paper does so by comparing magnitude and longevity of
impacts from a harvesting operation conducted in 1957
without BMPs to a 1986 harvest utilizing them.

STUDY AREAS

Three gaged watersheds located in the unglaciated
Allegheny Plateau region of north-central West Virginia were
used in this study. Two of them, watershed 1 (WS1) and
watershed 4 (WS4), are located on the Fernow Experimental
Forest while the Haddix watershed is 4.0 miles away. WS1
and Haddix were logged while WS4 has been retained as a
reference watershed to evaluate treatment effects.
Precipitation is distributed evenly across the year on all three
watersheds; the annual average is 58 inches on the Fernow
and 54 inches on Haddix. Annual runoff from WS4 during
the study periods averaged 26 inches, 6 inches during the
growing season and 20 inches during the dormant season.
Other pertinent characteristics are shown in Table 1.

WS1 supports a 40-year-old stand of mesic hardwoods that
originated after cutting in 1957-58, plus some scattered cull

trees dating to earlier cutting in 1905-10. Dominant tree
species are sugar maple (Acer saccharum Marsh.),
northern red oak (Quercus rubra L.), yellow-poplar
(Liriodendron tulipifera L.), and basswood (Tilia americana
L.). Average stand basal area in trees 1-inch and larger
averages 128 ft?/ac. Streambanks are well vegetated but
considerable bare soil is still exposed at former skidroad
crossing sites along the main stream. The predominant soil
series on both WS1 and WS4 is Calvin channery silt loam
(loamy-skeletal, mixed, mesic typic Dystrochrepts) with
moderate erosion hazard (Losche and Beverage 1967).
Soils are underlain with fractured sandstone and shale of
the Hampshire formation.

Table 1—Characteristics of study watersheds

Haddix WS1 WS4

Area, acres 96 74 96
Aspect S E SE
Average slope, % 40 40 25
Average stream

gradient, % 11 16 13
Stream channel

area, acres A7 .26 .30
Sediment source

area, acres? 10.8 3.0 1.1
Tree basal area,

ft?/ac® 109 109 154

S = South, E = East, SE = Southeast

2 Defined as stream channel area + road area measured upon
completion of logging.

b Basal area prior to harvest.

1 Research Forester, USDA Forest Service, Northeastern Research Station, P.O. Box 404, Parsons, WV 26287-0404; and Research Forester,
USDA Forest Service, Northeastern Research Station, P.O. Box 640, Durham, NH 03824-0640, respectively.

Citation for proceedings: Stringer, Jeffrey W.; Loftis, David L., eds. 1999. Proceedings, 12th central hardwood forest conference; 1999 February
28-March 1-2; Lexington, KY. Gen. Tech. Rep. Asheville, NC: U.S. Department of Agriculture, Forest Service, Southern Research Station. [Peer-

reviewed paper].
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The Haddix watershed supports a 12-year-old, mixed
hardwood stand that originated after a 1986 harvest, along
with older residuals left from earlier harvests. Approximately
one-third of it contains a dense understory of rhododendron
(Rhododendron maximum L.). After the harvest of 1986, it
supported a mixed stand of oak species (Quercus spp.),
hickory (Carya spp.), red maple (Acer rubra L.), and yellow-
poplar, vegetation reflecting a somewhat xeric site. Residual
basal area after the 1986 cut averaged 61 ft?/ac, about half
of the 109 ft?/ac before harvest. The watershed is underlain
by interbedded shale, siltstone, and sandstone of the
Chemung geologic formation. The predominant soil series is
Berks channery silt loam (loamy-skeletal, mixed, mesic,
Typic Dystrochrepts), with moderate erosion hazard (Losche
and Beverage 1967). Streambanks are generally well
vegetated. The channel is armored with sandstone cobbles
and gravel. However, as with many stream channels in the
region, there is considerable bare soil along streambanks.

WS4 provided experimental control for water quality and
streamflow. It has remained relatively undisturbed since
about 1905 when much of the original timber was cut.
Dominant tree species are yellow-poplar, sugar maple, and
northern red oak, indicating a more mesic site than Haddix.
In 1994, average basal area was 154 ft?/ac for trees 1-inch

dbh and larger. The stream channel is well armored with
sandstone gravel and cobbles, and streambanks are well
vegetated.

TREATMENTS

WS1 was commercially clearcut between May 1957 and
September 1958. All merchantable trees >5.0 inches dbh
were cut. Cull trees were left standing. An average volume
of 8,984 bd ft/ac was harvested. Average basal area in
trees >1-inch was reduced by 77 percent to 26 ft?/ac.
Logging was done with a tractor and arch, with no
measures taken to protect soil and water resources.
Skidroads were constructed on a logger’s choice basis with
no restrictions on road grade or location. For example, no
culverts or bridges were used at stream crossing sites nor
were normal post-logging practices such as waterbarring or
seeding used. Many of the skidroads were in or
immediately adjacent to stream channels (Fig. 1). There
were no truck roads or landings located in WS1. Data for
road area and location are in Table 2.

The Haddix watershed was cut to a 14-inch stump
diameter between May 1986 and February 1987, removing
an average volume of 5,344 bd ft/ac. Average basal area
was reduced 44 percent in trees 1-inch and larger. A

o

—— Watershed boundary
———— - Stream

- == Dozed skidroads
------ Non-dozed skidroads

C —
—

200 O

200 400 ft

Figure 1—The unplanned road system in WS1 was used to remove 668 Mbf of timber from the 74-acre watershed. No

measures were taken to protect soil and water resources.
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Table 2—Roads in harvested watersheds

WS1 Haddix
Dozed skidroads
Length in miles 13 3.0
Area, acres 2.7 6.0
Percent of watershed area 3.6 6.2
By grade class, %
0-10 22 74
11-20 32 24
21+ 46 2
Within distance of stream, %
<25 ft 40 1
<50 ft 61 3
<100 ft 66 3
Non-dozed skidroads
Length in miles 2.2 0
By grade class, %
0-10 31 0
11-20 35 0
21+ 35 0
Truck roads
Length in miles 0 0.9
Area, acres 4.3
Percent of watershed area 4.5
By grade class, %
0-10 NA 100
11-20 NA 0
21+ NA 0
Within distance to stream, %
<25 ft NA 4
<50 ft NA 5
<100 ft NA 5

wheeled skidder was used to skid tree-length logs to
landings. A D-4 bulldozer was used to construct skidroads
as needed during harvesting.

BMPs recommended for use from 1979 to 1989 in West
Virginia (West Va. Dep. Natur. Resour. 1979, 1982) were
followed for this harvesting operation. The entire road
system on Haddix was planned and laid out on the ground
before logging to minimize roaded area and environmental
impacts (Fig. 2).

A minimum-standard truck road (Kochenderfer and others
1984) was built with a John Deere 850 bulldozer. Broad-
based dips (USDA For. Serv. 1940, Hewlett and Douglas
1968) spaced at about 150-foot intervals controlled
overland flow. Natural grade breaks reduced the number of
constructed dips needed. Except at stream crossings,
roads were kept at least 100 ft slope distance from streams
(Fig. 2). Metal culverts were installed at four locations
where the truck road and skidroads crossed streams. A
combination of metal culverts and ditches also was used
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on the truck road to drain three seeps. Culverts were left in
place following the harvesting operation. All four landings
were located on dry sites, at least 150 feet slope distance
from the nearest stream.

Some rutting was tolerated on the ungraveled truck road,
but hauling during extremely wet conditions was prohibited;
it would have resulted in deep ruts and damage to the
roadbed and water control features. Critical areas such as
the two truck-road stream crossings were seeded with
grass and slash was scattered on the roadfills immediately
following road construction. Skidroads were smoothed and
waterbarred at recommended spacing as logging
progressed. Skidroads were limed, fertilized, and seeded
with Kentucky 31 fescue using a cyclone seeder. In June
1987, the truck road and landings were disced, limed,
fertilized, and seeded with a mixture of oats, clover, and
Kentucky 31 fescue. Ground lime was applied at the rate of
3.0 ton/ac and 10-10-10 fertilizer at the rate of 500 Ib/ac.

DATA COLLECTION AND ANALYSIS

Data collection began on WS1 and WS4 in May 1951 and
in May 1982 on Haddix. Precipitation on each watershed
was sampled by a network of recording and standard 8-
inch gages. Streamflow was measured with 120° V-notch
weirs on WS1 and WS4 and with a 3-foot H-type flume on
Haddix. Each gaging site was equipped with an FW-1
water-level recorder. Water quality samples were collected
by grab sampling above the gaging sites.

Harvesting effects on annual water yield and instantaneous
peak flows were determined by using the paired watershed
approach described by Hornbeck and others (1997). Since
the purpose of the peakflow analysis was to compare the
response of the watersheds to similar precipitation inputs,
only storms for which the difference in precipitation did not
exceed 0.3 inch were used to evaluate changes in
peakflow. Linear regression was used to develop
calibration relationships between water yield and storm
peaks from WS4 and those to be harvested (WS1 and
Haddix). After harvest, streamflow values from WS4 were
inserted in the calibration equations to estimate what
streamflow for the harvested watersheds would have been
had they not been harvested. Differences between
measured streamflow from the harvested watersheds and
estimates of flow had they not been harvested were
considered statistically significant and ascribed to forest
harvest when the differences exceeded the 95 percent
confidence intervals placed about the entire calibration
regression.

Estimates of sediment export from WS1 and WS4 during
the early 1957-58 logging period were based on turbidity
and discharge measurements. Turbidities between 5-25
were determined by reference to standard suspensions in
Nessler tubes and are termed Nessler turbidimeter units
(NTU). Turbidities above 25 were measured with a Jackson
turbidimeter and termed Jackson turbidimeter units (JTU),
or filtered to determine suspended solids as parts per
million (ppm).
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Figure 2—The road system in the Haddix watershed conformed to West Virginia’s Best Management Practice Standards. It was

used to remove 513 Mbf of timber from this 96-acre watershed.

During the 1982-1993 monitoring period each gaging site
was equipped with a Coshocton wheel sediment sampler,
which diverts 0.5 percent of the total flow into a storage
tank. Two samples of tank contents were taken weekly,
during base flow and before the tanks overflowed during
storms. Tank contents were agitated vigorously while two
800-ml samples were drawn from spigots at the bottom of
the storage tanks. Sediment produced during large storms
was quantified by grab sampling and by automatic
samplers. For each sample, turbidity was measured in
NTU, then filtered to determine suspended sediment
concentration in ppm.

Thermometers placed above the gaging stations in each
watershed recorded weekly maximum and minimum
stream temperatures. During the calibration period on
WS1, stream temperatures were measured while collecting
water quality grab samples. Beginning in May 1958,
maximum-minimum thermometers were placed in the main
stream above the gaging station. Water temperature
records for 1958 are missing so temperatures observed
during the 1959-60 period were compared with mean
maximum temperatures observed during the 1961-73
period.

Grab samples for other criteria of water quality were
collected weekly above the gaging stations on all three
watersheds. In the beginning on WS1 and WS4, samples
were analyzed for pH, alkalinity, and electrical conductivity.
During the later period when Haddix was being logged,
samples were analyzed for major ion concentrations at the
Forest Service’s laboratory. Analytical procedures and
instrumentation information are given in Edwards and
Wood (1993).

RESULTS AND DISCUSSION

Roads and Their Impacts

Roads and stream channels are major sources for stream
sediment on the study watersheds. Road data for them are
shown in Table 2. Road area was determined by length
and width measurements from the top of road cuts to the
toe of road fills after logging was completed. Haddix
contained almost 4 times as much area in bulldozed roads
as did WS1. However, when non-bulldozed roads are
included, total road length in WS1 (3.5 miles) and Haddix
(3.9 miles) are similar (Table 2). The differences in
bulldozed road density are attributed to logging methods.
The tractor and arch used on WS1 could negotiate fairly
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steep terrain without roads while the wheeled skidder used
on Haddix was largely restricted to roads. Stream channel
areas were similar among watersheds. They comprise a
much smaller proportion of area than do roads in the
logged watershed (Table 1), but are major sources of
sediment in streams draining forested watersheds (Lull and
Reinhart 1963, Patric 1976).

Area occupied by roads on the watersheds is decreasing
as they revert to forest. Kochenderfer and others (1997)
found that 6 years after logging, woody vegetation was
dominant on half the original truck road area cleared in
1987. They concluded that reforestation should eventually
reduce the original road prism area to less than half its
original acreage. Several 12- to 16-inch yellow-poplar trees
grow in the middle and on fill portions of skidroads in WS1.

Road grades are important from the standpoint of providing
efficient access as well as soil and water protection. It is far
more difficult to control erosion on steep roads, and they
have less residual value for other uses once logging is
completed. Roads of gentle grades, that are properly
located and maintained, protect soil and water resources
while providing effective access for many forest activities.
Almost half of the dozed skidroads in WS1 had grades
greater than 21 percent as opposed to only 2 percent of
the roads on Haddix where BMPs were used (Table 2).
Grades on 74 percent of the dozed roads on Haddix were
in the 0-10 percent class while only 22 percent of the
dozed skidroads on WS1 were in that class. All of the truck
roads on Haddix fell into the 0-10 percent class.

The proximity of roads to streams is probably the single
most important attribute that determines whether streams
will be adversely impacted by timber harvesting operations.
The importance of providing minimally disturbed protective
zones between disturbed areas and streams has been
recognized for a long time (Trimble and Sartz 1957, Lull
and Reinhart 1963). Streamside protective zones are
normally incorporated into state BMP guidelines. For
example, West Virginia BMP guidelines recommend 100
feet protective zones on each side of perennial and
intermittent streams and 25 feet for ephemeral streams
(West Va. Dept. Natur. Resour. 1997).

There are striking differences between the unplanned road
system on WS1 and the planned system on Haddix (Figs.
1 and 2). On WS1 many of the main skidroads were in or
very close to stream channels. Sediment generated on
roads was often carried by overland flow directly into
streams. During storms, streamflow diverted into roads
caused further excessive erosion (Lull and Reinhart 1963).
On Haddix, the landings and contour road systems were at
least 100 feet from streams except at crossing sites
(Kochenderfer and others 1997). Machinery was not
permitted off the road in streamside areas.

The distribution of bulldozed roads in relation to streams on
WS1 and Haddix is quantified in Table 2. Forty percent of
the dozed skidroads on WS1 were within 25 feet of
streams (Hornbeck and Reinhart 1964) while only 5
percent of roads on Haddix watershed were that close.
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Sixty-one percent of the roads on WS1 were within 50 feet
of streams as opposed to 8 percent on Haddix.

It is important to note that roads often generate more runoff
than precipitation alone would indicate. Lull and Reinhart
(1963) attributed this excess road runoff in WS1 to
intercepted subsurface flow at road cuts. Kochenderfer and
Helvey (1987), measuring soil losses from graveled and
ungraveled road sections in central West Virginia, found
that the percentage of annual precipitation measured as
runoff ranged from 41.5 percent to 139 percent. Annual
runoff exceeded precipitation on road segments with
periodically active seeps.

Water Yield and Peak Flows

In addition to impacts of roads on overland flow, harvesting
the forest reduces evapotranspiration and thereby
increases water yield. The more intensive harvest on WS1
increased annual water yield 5.2 inches during the second
year after harvest (Table 3). Increases disappeared quickly
with regrowth and there were no statistically significant
changes beyond the 6th year after harvest. Increased
water yield was indicated after harvest on Haddix but was
not statistically significant (Table 3).

Much of the increase in water yield occurs as augmentation
to low flows during the growing season. Such increases
result from increased soil water moving laterally through
soil and bedrock to streams, thus having little impact on
erosion. However, some peak flows also increased (Table
4). Some of the peak flow on WS1 also may have been
caused by overland flow from poorly located skidroads
(Reinhart and others 1963). Compared with Haddix, the
lower residual basal area left after harvesting WS1 resulted
in less transpiration and smaller soil water deficits, and
thus greater overall increases in storm peaks (Table 4).
The increases in peak flows are of interest in that they can
cause additional erosion and sedimentation by scouring
stream channels. However, the relatively small magnitude
of the increases, plus the fairly rapid disappearance of
increases with regrowth of the new forest (Table 4),
suggests that harvests have minimal impacts on
downstream flooding.

Sediment

Annual sediment yields and turbidity (Hornbeck and
Reinhart 1964, Kochenderfer and others 1997) for WS1
and Haddix are shown in Table 5. During the logging
operation sediment yield was 26 times greater on WS1
than on Haddix. These large differences reflect the
characteristics of road systems discussed earlier. Although
there was almost four times as much severely disturbed
area on Haddix during logging, sediment yields were far
less than those on WS1. The first year after logging they
decreased to about 4 times more on WS1 than on Haddix
and by the second year both returned to preharvest levels.
Sediment yields were greatest during logging, when roads
were repeatedly disturbed, then decreased rapidly after
logging was completed. The rapid decrease in sediment
yields on WS1 was attributed to vigorous regrowth and
development of an erosion pavement on skidroads
(Reinhart and others 1963). These soils contain about 50



Table 3—Impacts of harvesting on annual water yield

Haddix
Estimated Estimated
Year after Actual  streamflow if Change due Actual streamflow if Change due
harvest flow unharvested® to harvest® flow unharvested® to harvest®
--------- Inches - - ------- % ----------Inches--------- %
1 21.3 19.0 2.3° 12 28.0 24.2 3.8 16
2 31.6 26.4 5.2°¢ 20 20.5 18.1 2.4 13
3 25.1 21.4 3.7° 17 28.9 26.7 2.2 8
4 27.5 24.0 3.5° 15 37.2 33.3 3.9 12
5 23.4 22.9 0.5° <1 33.9 32.6 1.3 4
6 275 25.2 2.3° 9 20.2 19.0 1.2 6
7 235 23.6 -0.1 <1
8 21.7 21.1 0.6 3
@ Determined from calibration regression.
b Determined by subtracting estimated streamflow from actual streamflow.
¢ Change exceeded 95 percent confidence interval about the calibration regression.
Table 4—Impacts of harvesting on instantaneous peak flows >3 ft¥/sec/mi? (c.s.m.)
Growing season Dormant season
Year No. of Range in Statistically No. of  Rangein Statistically
after peaks peak flows significant Average peaks peak flows  significant Average
harvest (n) (c.s.m.)* increases (n)  change (n) (c.s.m.)® increases (n) change
%" %
WS1
1 3 20-28 2 69 12 4-77 6 18
2 7 4-14 1 27 18 3-23 8 18
3 0 - - - 2 4-21 1 45
4 1 25 1 46 10 4-52 4 26
5 5 4-31 1 9 7 4-70 4 18
6 0 - - - 8 5-30 0 -
Haddix
1 0 - - - 7 3-25 1 42
2 4 11-78 2 76 8 10-46 0 -
3 2 14-63 0 - 6 7-48 2 35
4 2 18-27 0 - 9 4-33 0 -
5 1 16 0 - 11 6-31 0 -
6 0 - - - 8 6-26 1 36

@ Estimated peak flows if watersheds not harvested.
b Average change for measured peak flows that were statistically significant.
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Table 5—Annual suspended sediment yields and mean
turbidity from WS1 and Haddix watersheds

Sediment yields Turbidity

WS1 Haddix WS1 Haddix

------ Lb/ac------ Ppm  NTU
During logging
operation 2,880 110 490 8.0
First year
after logging 288 69 38 6.0
Second year
after logging? 7 52 1 5.0

#Modern sampling techniques would probably have produced
values for WS1 more comparable to Haddix.

percent stone fragments by volume and quickly developed
a protective stone cover (Lull and Reinhart 1963).

While sediment yields temporarily doubled on Haddix, they
remained within the range of 100 to 200 Ib/ac/yr background
levels expected from carefully managed forest in the eastern
United States (Patric 1976). Sediment exports during a
single large flood event on Haddix in 1985 (before harvest)
were 2.8 times higher than annual sediment exports during
logging. Others have observed that sediment exports are
highly variable and related to the occurrence of individual
large storms (Edwards and Owens 1991, Martin and
Hornbeck 1994).

Careless logging on WS1 resulted in highly turbid water,
averaging 490 ppm on WS1 during logging as compared to
8.0 NTU on Haddix (Table 5). The maximum turbidity
observed during the logging on WS1 was 56,000 ppm
(Reinhart and others 1963) while the maximum turbidity
observed on Haddix was less than 100 NTU. Turbidity
decreased rapidly on WS1, averaging 38 ppm during the
first year after logging.

Water Temperature

Mean maximum growing season temperatures for selected
periods are shown for all three watersheds in Figure 3.
Highest temperatures usually coincided with low
streamflow and high air temperatures during the July-
September period. Water temperatures of 75°F are
detrimental to brook trout (Embody 1921, Needham 1938).
Reinhart and others (1963) concluded that the commercial
clearcut on WS1 raised growing season maximum
temperatures an average of 8°F during 1958-59, and
reduced dormant season minima by 3.5°F. Heavy
accumulations of slash covering the main stream channel
might have moderated temperatures to some extent
because Eschner and Larmoyeux (1963) reported that the
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highest temperature observed on WS1 (79°F) occurred in
July 1959. Temperatures of 75°F and higher were observed
several times on WS1 during 1959 but the highest
observed in 1960 was 73°F. The highest temperature
observed on WS4 during 1959 was 70°F and the maximum
in 1960 was 65°F.

Temperatures during pretreatment and logging periods on
Haddix are very similar (Fig. 3). Kochenderfer and others
(1997) concluded that diameter limit cutting on Haddix did
not affect stream temperature because of shading by
residual trees and understory vegetation. Although
temperatures have consistently remained higher on the
more xeric Haddix watershed, they have remained below
75°F.

Electrical Conductivity

Electrical conductivity, an index of total dissolved solids,
decreased on WS1 following commercial clearcutting (fig.
4) and has consistently been higher on WS1 than on WS4.
These differences probably reflect differences in geology
and resultant weathering contributions to streams. There
was a small increase in electrical conductivity in the Haddix
stream after logging (fig. 4). An earlier study by Aubertin
and Patric (1974) showed minimal streamwater ion
increase after clearcutting Fernow watershed 3. Thus there
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Figure 4—Time trends of electrical conductivity in
streamflow from WS1 (top) and Haddix (bottom) compared
with that from WS4,

is little reason to expect electrical conductivity in streams
draining WS1 and Haddix to show much change after
harvest.

SUMMARY

Our comparison of watersheds logged with and without
BMPs clearly demonstrates their value. Logging without
them on WS1 involved roads with unusually steep grades
located close to or in streams, and no attempts were made
to control water and revegetate the roads after logging. The
result was significant erosion and sedimentation with
increased stream temperatures. In contrast, careful
adherence to West Virginia's BMPs when logging Haddix,
resulted in only minor changes in sediment and water
temperature. The changes were within background levels,
clearly illustrating that harvesting operations utilizing BMPs
will protect water quality.
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HARVESTING STRATEGIES FOR INCREASING THE AVAILABILITY AND QUALITY
OF HARDWOOD FIBER

Chris B. LeDoux *

Abstract— Worldwide demand for wood and wood products will continue to increase as global human population increases.
These increasing demands for wood will continue to provide economic incentives for non-industrial private forest-land
(NIPF) owners to increase the availability and quality of wood fiber harvested from their lands. The challenge is to
encourage and facilitate NIPF owners and other commercial forest industries to support these demands without
compromising their own short- and long-term economic and other ownership goals.

Over the years silvicultural researchers have developed methods for growing quality trees faster and in more ecologically,
environmentally, and socially acceptable ways. Simultaneously, harvesting researchers have developed an enormous
database on alternative logging technologies to harvest timber in economically and environmentally acceptable ways. This
study demonstrates that integrating what we know about growing trees with what we know about harvesting them can
increase the availability of wood fiber and add value to future crops.

Results for the oak/hickory forest type in West Virginia show that up to 1,736.61 ft*/acre of wood fiber can be harvested 10
years sooner than usual by simply matching size of machine to wood harvested. Specifically, the study focused on the
gains that can be made by matching size of machines to size of wood harvested, by utilizing harvesting machines better
and more efficiently, and by training machine operators to be more efficient. Gains of up to 40 percent in present net worth
can be attained by early thinning of a stand when harvesting machines are matched to wood size harvested. Results of the

study benefit loggers, planners, managers, forest industry, NIPF owners, and society in general.

INTRODUCTION

As global human population increases, worldwide demand
for wood and wood products will continue to increase.
Because the majority of the hardwood forested land in the
United States is owned by non-industrial private forest-land
(NIPF) owners (Birch 1996), they will be asked to increase
the availability and quality of wood fiber harvested from
their lands. The challenge for forest industry and NIPF
owners is to meet these demands while simultaneously
meeting their own short- and long-term economic and
ownership goals (Sampson 1996). Another challenge is to
communicate the silvicultural and harvesting technology
advances to the forest industry and NIPF owners so they
can continue to provide wood products to society in a
sustainable manner over time (Cantrell 1996).

Researchers have accumulated volumes of knowledge
about how to regenerate and grow trees (Smith and others
1988). We know a great deal about how different species
of trees respond to alternative silvicultural treatments.
Stocking guides have been developed to maximize tree
growth for selected species (Lancaster and Leak 1978,
Sampson and others 1980). Over the same time, research
in logging methods has been accumulated on production,
cost, and applicability for a wide range of cable logging
(LeDoux 1985), ground-based (Huyler and LeDoux 1989)
and cut-to-length/forwarding machines (Huyler and LeDoux
1996). Harvesting studies in clearcuts, thinnings,
shelterwoods, and group-selection applications (LeDoux
and others 1991, LeDoux and others 1993) evaluate these

different processes and silvicultural systems. We know a
great deal about how to regenerate, grow, and harvest
trees in environmentally acceptable ways. The need is to
integrate what we know about silviculture with what we
know about logging technology and then to get the
information to loggers, land managers, forest industry, and
NIPF owners.

METHODS

Description of ECOST Version 3 and MANAGE
ECOST Version 3 and MANAGE were the models used in
this study. ECOST Version 3 is a stump-to-mill logging cost-
estimating model for Eastern hardwoods. ECOST Version 3
allows for the stump-to-mill cost estimation for cable and
ground-based systems. The difference from previous
versions is that it includes skidding cost and production
functions for four small farm/skidding tractors and for three
skidders with small, medium, and large capacity. Specifically,
ECOST Version 3 allows the user to estimate the felling,
bucking, limbing, yarding/skidding, loading, hauling, and
unloading costs for several cable yarders, small tractors, and
skidders. The costs can be estimated in components or as
stump-to-mill for most conditions loggers will encounter when
logging Eastern hardwood stands.

MANAGE (LeDoux 1986), a computer program written in
FORTRAN V, integrates harvesting technology, silvicultural
treatments, market price, and economic concerns over the
life of a stand. The simulation is a combination of discrete
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and stochastic subroutines. Individual subroutines model
harvesting activities, silvicultural treatments, growth
projections, market prices, and discounted present net
worth (PNW) economic analysis. Specifically, the model
allows the manager to evaluate how alternative harvesting
technology, silvicultural treatments, market price, and
economic combinations affect costs and benefits over the
life of a stand. The model uses a detailed, individual user-
specified tree list and then projects stand growth based on
some user-specified silvicultural treatment, harvests the
desired volume or stems with the logging system specified,
sells the wood, and conducts economic analysis for the
respective treatment and entry. MANAGE was run for a
stand in the oak-hickory forest type with alternative
combinations of logging technology.

Using ECOST Version 3, the user obtains information on
skidding costs for alternative logging machines and for any
set of silvicultural/stand conditions. Using MANAGE, the
user can project the costs and benefits of alternative
combinations of silvicultural treatments and logging
technology for any stand of interest.

Harvest Treatments

The harvesting treatments evaluated include no thinning
and an area-wide low thinning that removed all trees below
an average dbh of 12 inches. The objective for each
thinning treatment was to leave the larger crop trees in
order to grow quality wood products for the final harvest.
The wood harvested was sold as pulpwood and sawlogs.
The stand was logged with ground-based logging
technology. Specifically, the stand was logged with a JD
440C, JD 540B, and a JD 640D skidder. The John Deere
machines are all articulated frame, four-wheel drive cable
skidders manufactured in the United States. The John
Deere 440C is a 70-horsepower skidder, the 540B is 90-
horsepower, and the 640D is 120-horsepower. These three
machines are representative of the types of cable skidders
found on logging jobs in the Eastern United States.

Site and Stand Conditions

In this study, the stand chosen for demonstration is from
the oak/hickory forest type in West Virginia and represents
2,971 acres in total land area. The species mix includes
northern red oak (Quercus rubra L.), American basswood
(Tilia americana L.), white ash (Fraxinus americana L.) ,
and black cherry (Prunus serotina Ehrh.). The average site
index of the stand is about 70. The stand is 60 years old
and contains 257 trees per acre that are more than 5
inches dbh. The stand has an average tree dbh of 11.13
inches and about 4,412.42 ft¥/acre of merchantable
volume. The land is located on gentle to moderate slopes
and requires ground-based systems for harvesting. It is
assumed that new road construction is not required. The
stand is located 25 miles from a pulpmill/sawmill.

RESULTS

Matching Machines to Wood Size

The thinning was simulated at different stand ages using
JD 440C, JD 540B, and JD 640D skidders. The resulting
delay-free skidding costs were graphed by machine and
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the average stand diameter at each age (Fig. 1). The cost
curve for the JD 440C is truncated at 12.2 inches because
turns containing multiple logs of this tree size exceed the
capacity of the machine. At a stump-to-road cost of
$0.20/ft%, the JD 440C would breakeven when operating in
stands that average 6.6 inches dbh. The JD 540B would
breakeven in stands that averaged about 8.5 inches, and
the JD 640D would breakeven at average dbh of about 9.1
inches. By matching the smaller, less expensive skidder
with younger stands, the manager/logger can enter
younger stands earlier to conduct the thinning. Using a
larger machine such as the JD 640D for the thinnings
would require that the stand contain bigger trees before
reaching breakeven conditions (Fig. 1). Matching skidding
machines to tree size could allow managers/loggers to
enter younger stands and capture all the benefits of
thinning and yet breakeven. Matching the size of machine
to the size wood harvested also makes the wood from the
thinnings available to fiber markets earlier in the life of a
stand and increases the availability of wood fiber to
markets.

Impact of Utilization Rate on Entry Timing
Clearly, few logging operations/machines operate in delay-
free environments. Delays range from total machine
malfunction resulting in a major breakdown/delay to the
machine operator taking too many breaks or failing to
service the machine. The thinning was simulated at
different ages with a JD 540B skidder at utilization levels
of 90, 80, and 60 percent (Fig. 2). Utilization rate is
measured as the percentage of working time that the
machine is actually being used in a productive mode as
opposed to being non-productive while in a delay mode. A
machine with a high utilization rate will generally produce
more wood volume/unit time and cost less/unit produced
than the same machine at a lower utilization rate. For this
study, at a cost/ft® of $0.20, the JD 540B at 90 percent
utilization would breakeven while operating in stands that
averaged about 11.5 inches dbh. For the same machine

0.25 )
3
L
2021 + T
3 AN
o \
h_) \\ \\
o w
® 017 + \ \
S
5
[m)
013 = =l &L

66 80 94 108 122 136 150
Average DBH (Inches)

- JD 640D ~JD 540B — JD 440C |

Figure 1—Simulated delay free skidding costs for JD
440C, JD 540B, and JD 640D skidders by average stand
dbh (BEP = breakeven point).
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Figure 2—Simulated skidding costs for JD 540B skidder at
three utilization levels by average stand dbh (BEP =
breakeven point).

and conditions, but at an 80 percent utilization rate, the
breakeven point occurs at about 14.0 inches dbh. At a
utilization rate of 60 percent, the JD 540B would not
breakeven. Operator training strategies to increase the
utilization rate of machines can allow managers/loggers to
operate in younger/smaller dbh stands, thus making wood
fiber available to wood markets earlier in the life of a
stand.

Impact on Rotation Age and Wood Quality

The advantages of entering a stand earlier in its life by
matching machine size to wood size were further studied
by inputting the costs from Figure 2 at the 90 percent
utilization level into the MANAGE model. Initially, the stand
was not thinned and was projected to its Optimal
Economic Rotation Age (ORA). The stand was then

thinned using a JD 440C and a JD 540B skidder at the
earliest age possible that would result in an
economic/breakeven entry to illustrate the impact of
matching machines to wood size on rotation age, financial
returns, and resulting quality development. The stand was
thinned at age 60 with the JD 440C. The stand was
thinned at age 70 with the JD 540B because of the higher
skidding costs. The thinned stands were then projected to
their ORA. The delivered product prices used in this study
by species and log quality are shown in Table 1. The
results from simulations for the no-thin and thinning
treatments with MANAGE are summarized in Table 2.
Matching machine size (JD 440C) to wood size would
allow the stand to be thinned at age 60 yielding 1,736.61
ft’/ac of wood fiber. Under the same conditions but
thinning the stand at age 70 (with JD 540B), the yield is
1,484.97 ft¥/ac. Using the smaller skidder and thinning all
2,971 acres could yield 5.1 million ft® of wood fiber that
would be economically available 10 years earlier than if a
larger skidder were used in the first thinning. The thinnings
do not produce more volume overall, they just make fiber
available earlier.

Table 1—Delivered log prices by species and grade,
International 1/4-inch (Worthington and others 1996)

Species Grade Grade Grade

group 1 2 3 Pulpwood
------- $/mbf-------- $/Cord

Red oak 561 397 225 40

Basswood 321 239 143 40

Black cherry 571 400 259 40

Ash 420 297 169 40

Table 2—Simulated results by size of skidding machine

Machine JD 440C JD 440C JD 540B
Thinning age (yrs) No thinning 60 70

Avg. stand d.b.h. (in) - 8.78 9.13
Trees cut/acre - 172 134

Vol. removed/ac(ft®) - 1736.61 1484.97
Present net worth (PNW-$)? - 38.28 9.11
Cash flow/ac. ($) - 38.28 12.24
Optimal rotation age (ORA, yrs) 90 100 110

Ave d.b.h. at ORA (in) 14.03 20.32 20.12
Vol/acre at ORA, ft® 5507.94 4355.94 5047.51
Total vol/acre removed, ft® 5507.94 6092.55 6532.48
PNW/ac at ORA ($)° 1360.67 1872.98 1614.78
Cash flow/ac at ORA ($) 3302.70 6109.72 7079.05

#Real discount rate = 3 percent.
b Discounted to age 60.
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The unthinned stand reached its ORA at 90. The thinned
60-year-old stand would reach its optimal rotation 10 years
sooner than if the stand were thinned with the larger
skidder at age 70. Both thinned stands would produce
wood that would average 20+ inches dbh compared to 14+
inches in the unthinned stand. The larger 20-inch dbh trees
would yield higher quality logs than those from the 14-inch
stand. Since the thinned 60-year-old stand reaches optimal
rotation sooner than the thinned 70-year-old stand, the
present net worth (PNW) is $1,872.98 compared to
$1,614.78, or an increase of 15.99 percent. This could
represent a gain of $853,776.27 in cumulative PNW over
the thinned 70-year-old stand if all 2,971 acres were
thinned at one time. It is unlikely that all 2,971 acres would
be thinned at one time, but for this analysis it demonstrates
the potential volume and financial yields possible. The
thinned 60-year-old stand produces a cumulative PNW
increase of $550.59/acre compared to the nonthinned
stand. Although the thinnings do not produce more volume
overall, they serve to concentrate the remaining volume on
fewer stems but of higher quality.

CONCLUSIONS

Matching machine size to size of wood harvested results in
wood fiber available earlier in the life of the stand, shorter
ORA for similar size products, and significant gains in
PNW—up to 16 percent. Strategies to improve machine
utilization also allow managers/loggers to enter stands
earlier making wood fiber available earlier and improving
the quality/adding value to the future stands. In addition, the
combination of carefully matching the size of machines to
the size of wood harvested and implementing strategies to
reduce skidding delays allows managers/loggers the same
benefits. Up to 1,736.61 ft¥/acre of wood fiber can be made
available sooner by simply using smaller, less expensive
skidders to enter the stands at earlier ages. Thinned stands
produce larger dbh/higher quality wood and, thus, larger
economic returns compared to unthinned stands. Gains of
up to 40.46 percent in discounted cumulative PNW can be
realized by early thinning versus no thinning.

In this study, we did not consider the impact of residual
stand damage on financial yields over time. We have found
that residual stand damage from thinnings can range from
none to very high levels. The impact of residual stand
damage is best dealt with on a case-by-case basis.
Although most NIPF owners own tracts substantially less
than 2,971 acres, the results are applicable to small tracts
as well. The increased availability of wood fiber along with
the value added in quality to the future stand will help meet
the world’s demand for fiber and quality hardwoods.

REFERENCES

Birch, Thomas W. 1996. Private forest-land owners of the
Northern United States, 1994. Resour. Bull. NE-136. Radnor,
PA: U.S. Department of Agriculture, Forest Service,
Northeastern Forest Experiment Station. 293 p.

Cantrell, Rick. 1996. The American Forest & Pulp Association’s
sustainable forestry initiative and nonindustrial forest
landowners. In: Baughman, M.J., ed. Proceedings, symposium
on nonindustrial private forests: learning from the past,
prospects for the future; 1996 February 18-20; Washington,
DC. St. Paul, MN: University of Minnesota: 397-402.

140

Huyler, N.K.; LeDoux, C.B. 1989. Small tractors for harvesting
fuelwood in low-volume small-diameter hardwood stands. In:
Proceedings, 12th annual council on forest engineering
meeting; 1989 August 27-30; Coeur ‘D Alene, ID. 6 p.

Huyler, N.K.; LeDoux, C.B. 1996. Cut-to-length harvesting on a
small woodlot in New England: a case study. In: Proceedings,
planning and implementing forest operations to achieve
sustainable forests. Gen. Tech. Rep. NC-186. St. Paul, MN:
U.S. Department of Agriculture, Forest Service, North Central
Experiment Station. 7 p.

Lancaster, Kenneth F.; Leak, William B.  1978. A silvicultural
guide for white pine in the Northeast. Gen. Tech. Rep. NE-41.
Broomall, PA: U.S. Department of Agriculture, Forest Service,
Northeastern Forest Experiment Station.

LeDoux, Chris B. 1998. ECOST Version 3 - Stump-to-mill
production cost equations and computer program. Unpublished
report on file at Northeastern Forest Experiment Station,
Morgantown, WV.

LeDoux, C.B. 1985. Stump-to-mill timber production cost
equations for cable logging eastern hardwoods. Res. Pap. NE-
566. Broomall, PA: U.S. Department of Agriculture, Forest
Service, Northeastern Forest Experiment Station. 6 p.

LeDoux, C.B.; Baumgras, J.E.; Sherar, J.; Campbell, T.  1991.
Production rates and costs of group-selection harvests with a
Christy cable yarder. Forestry and environment ... engineering
solutions. ASAE 09-91: 75:84.

LeDoux, Chris B. 1986. MANAGE: a computer program to
estimate costs and benefits associated with eastern hardwood
management. Gen. Tech. Rep. NE-112. Broomall, PA: U.S.
Department of Agriculture, Forest Service, Northeastern Forest
Experiment Station. 7 p.

LeDoux, Chris B.; Erickson, Michael D.; Hassler, Curt C. 1993.
Production rates and costs of group-selection harvests with
ground-based logging system. In: Proceedings, 9th central
hardwood forest conference. Gen. Tech. Rep. NC-161. St.
Paul, MN: U.S. Department of Agriculture, Forest Service,
North Central Forest Experiment Station. 10 p.

Sampson, Neil R. 1996. Keynote address: nonindustrial private
forest - learning from the past, prospects for the future. In:
Baughman, M.J., ed. Proceedings, symposium on nonindustrial
private forests: learning from the past, prospects for the future.
1996 February 18-20; Washington, DC. St. Paul, MN:
University of Minnesota: 3-9.

Sampson, T.L.; Barrett, J.P.; Leak, W.B. 1980. A stocking chart
for northern red oak in New England. Durham, NH: University
of New Hampshire, Institute of Natural and Environmental
Resources.

Smith, Clay H.; Perkey, Arlyn W.; Kidd, William E., eds. 1988.
Workshop proceeding- guidelines for regenerating Appalachian
hardwood stands; 1988 May 24-26; Morgantown, WV. SAF
Publ. 88-03. Morgantown, WV: West Virginia University. 293 p.

Worthington, Virginia E.; LeDoux, Chris B.; McWilliams,
William H. [and others]. 1996. Methodology for assessing
current timber supplies and product demands. Gen. Tech. Rep.
NE-226. Radnor, PA: U.S. Department of Agriculture, Forest
Service, Northeastern Forest Experiment Station. 25 p.



Modeling / Inventory






USING DYNAMIC PROGRAMMING TO EXPLORE HARDWOOD SILVICULTURAL REGIMES

Matthew H. Pelkki *

Abstract— Forest managers face a difficult problem when required to estimate future physical and economic returns from
timber stands when management strategies can vary by number and timing of thinnings, thinning type, thinning intensity
and final harvest age. Field-based testing of these variables provides the most reliable information on stand and individual
tree response to these practices, but is limited by the time and cost of these studies. Simulation studies based on growth
models which derive their tree and stand response data on field observations are one method of exploring the response
curve in greater detail and at a much lower cost in time and effort. Dynamic programming is an ideal method for exploring
both stand and individual-tree response to new economic conditions and rotation schemes. Dynamic programming can be
used to investigate possible responses to different thinning strategies, intensities, and timing of thinnings. It can also
provide insights into management responses to changing markets and prices for wood products. However, simulation
approaches are hindered by the weakness of long term (40+ years) growth projections and the ability of the computer
systems to accurately model real-world constraints. In this paper, a dynamic programming (DP) based computer
optimization technique is used and compared with the results of DP-based studies to previously published field studies of
yellow-poplar. The similarities found lend credence to the biological reasonableness of the simulations and the ability of the
simulation to provide detailed sensitivity analysis demonstrates its strengths in identifying new research questions for field-

based studies.

INTRODUCTION — TIMBER MANAGEMENT
Timber managers face a myriad of questions in planning a
stand from regeneration to final harvest. Two of the most
basic questions center around rotation length and stand
density. These two questions are appropriate whether the
objective is fiber or financial maximization. To answer these
questions, foresters must pull out the “crystal ball” and
make predictions, using some form of growth and yield
model to estimate future stand characteristics (total
volume, diameter distribution, species composition). If
financial maximization is desired, then foresters must also
attempt to predict future economic conditions such as the
cost of capital, inflation, future stumpage prices, and the
costs of harvesting. These data are important for making
decisions about sustainable forest-wide management
decisions as well as good stand-level decisions. For the
forest cover types in the central United States, this usually
involves planning and prediction of forest and financial
conditions on a time frame from 25 to 100 years.

Two approaches have been applied in an effort to provide
forest managers with some guidelines for decision making
about rotation length and stand density. The first and oldest
technique is field testing. Representative sites are selected
and management alternatives are actually implemented
and the physical results are measured and reported. The
second approach has grown in use since the advent of
powerful, low-cost computers. Computer simulation of a
forest stand is based upon the use of growth and yield
models and this is coupled with economics to provide
estimations of future outputs.

The following discussion will compare these two
approaches and then provide a detailed description and
one example of an implementation of dynamic

programming which represents one technique for computer
simulation of forest stands. One overall assumption will be
that the problem under consideration is an even-aged
stand, although all techniques are equally applicable to
uneven-aged stand structures.

TWO APPROACHES — COMPUTER
SIMULATION AND FIELD TESTING

Necessary Resources for Each Method

Actual field testing of silvicultural regimes requires access
to representative sites and the ability to actually implement
and then observe the results of management actions.
Considerable financial, personnel and equipment resources
are needed. This method also requires time for the stand to
respond to the management actions and for repeated
monitoring of stand parameters. It is assumed that
environmental conditions (site, climate) will be typical of the
region to which the study applies.

Computer simulation, on the other hand, requires good
data on initial stand conditions as a starting point for the
simulation. These initial conditions may be a selection of
actual representative sites or a hypothetical composite
site that is considered typical of the region. Growth and
yield models that are responsive to the range of actions
and stand conditions simulated are necessary. For
example, the TWIGS individual-tree growth simulator for
the Central United States (Miner and others 1988) was
developed from a data base that poorly represented
yellow-poplar, Eastern redcedar, and tupelo/gum.
Therefore, this growth simulation would not be an optimal
choice for computer simulation of these species in the
Central United States. Also, whole stand models such as

! Associate Professor of Forest Management and Economics, University of Kentucky, Department of Forestry, Lexington, KY 40546-0073.
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yield tables are unable to accurately predict how a stand
might grow if the diameter distribution is altered from
thinnings from above or below. Predicting future tree
quality is also very difficult with whole stand models.
Furthermore, computer simulations will need estimates of
future financial conditions. Data or additional models that
predict stumpage prices, the cost of capital (interest
rates), and the cost of harvesting operations must be
included.

Strengths and Weaknesses of Each Approach
Table 1 is a list of some major strengths and weaknesses
of each approach. Field-based studies have several
advantages. They do not rely upon predictions of growth
and yield or economic conditions. It is difficult to argue
with observed results when properly replicated. However,
it should be noted that even observed economic results,
when applied in planning future rotations, assume that the
future will be the same as the past. The alternatives for
management that are chosen can be put into practice with
relative ease. Due to the great length of time required and
the costs related to acquiring the sites and managing
them, field-based studies are expensive. Sensitivity
analysis is also difficult and type and number of
alternatives is usually kept very low so that adequate
replication can be achieved.

Computer simulation, on the other hand, can test a great
number of alternatives and combinations. Due to the
speed and power of modern personal computers,
simulations can test millions of combinations in hours
rather than decades and at a far lower cost. However,
long-term projections with growth and yield models may be
substantially in error (Rauscher and others 1997) and at
best might be considered only relatively correct. Another
subtle, but important problem with computer simulation is
“artifacts.” An artifact represents a difference in a result
that is not likely to be observed in the real world. For
example, Beck and Della-Bianca developed yield
equations for unthinned (1970) and thinned (1975) yellow-
poplar stands. The two equations are disjoint at any single
given age. When these two models are used together in a
computer simulation, when a stand is thinned, it
immediately shows a slight increase in volume at the

same age! This directs the simulation to thin at an early
age to capture this “free” volume which, in reality, does not
exist. Another form of an artifact may occur from rounding
of values in a simulation. For example, it may be possible
to test the sensitivity of thinning in basal area increments
of one square foot or less, but would the results be
practicable in the real world?

The remainder of this paper presents the basics of one
computer simulation technique, dynamic programming
(DP). A non-mathematical description of DP will be
presented, followed by a mathematical formulation and
then a description of a DP-based computer program
(NESTER). The results of published research on field-
based studies of yellow-poplar will be compared to some
NESTER results.

OPTIMIZATION USING DYNAMIC
PROGRAMMING

Dynamic programming is a computational method that
takes large sequential problems and breaks them down
into solvable, related subproblems which can be linked
together to achieve an optimal solution to the entire
problem. Let’s think about a 20-year-old even-aged
hardwood stand. Let us further assume that management
operations will occur only once every 10 years, and that
the alternatives available are, to do nothing, thin 20
percent or 40 percent of the volume, or clear fell the entire
stand (regeneration harvest). Figure 1 shows a diagram
with a node or state representing our 20-year-old stand.
The state is described by the total cubic foot volume per
acre, in this case 700 ft¥acre. Over the 10 years, this
stand will grow 700 ft¥/acre and will have a total of 1400
ft¥/acre. If we do nothing, the stand remains at 1400
ft’/acre. If we thin, the stand volume will be reduced to
either 1120 ft¥/acre (20 percent thinning) or 840 ft*/acre
(40 percent thinning). If we clear fell the stand it has no
residual volume. From one state in the initial stage (age
20), we now have four possible states in the first stage.
Figure 2 shows a partial diagram of the progression into
the second stage. Note that two paths compete for the
state described by 1600 ft¥/acre. As each stage continues,
we will have more states in the decision space and as that
happens, it is more likely that two or more paths will

Table 1—Strengths (+) and weaknesses (—) of field-based studies and computer simulations

Field-based

Computer Simulation

+ Long term growth and yield valid

Economic data is observed, not predicted

+ Alternatives selected are relatively easy to
put into practice

— Costly to implement

+

— Difficult to test large numbers of alternatives

and combinations/intensities
— Long time for study completion

— Long term problems with growth and
yield models

— Long term economic assumptions
can be invalid

— Model may reflect artifacts based on
structure of model

+ Inexpensive to test

Excellent sensitivity analysis

+ Fast results

+
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Total Volume

20 yrs.

(Starting point
stage 0)

No thinning

Thin 20% of volume

Thin 40% volume

Clearcut and regenerate

I
30 yrs.

(Stage one)

Figure 1—Initial condition and stage one states for forward-recursive dynamic programming

network.

compete for a given state. The underlying assumption in
dynamic programming is that any two or more paths that
compete for the same state represent an identical forest
condition with the same future value growth potential. If we
assume that it doesn’t matter how we achieve 1600
ft/acre in a 30-year-old stand, this assumption holds true.
This is called the principle of optimality (Dykstra 1984). It
is also called the memoryless principle and it means that
an optimal path through the network of all possible states
can be solved one stage at a time.

More formally, the subproblems are often referred to as
stages, and within each stage are multiple states. A
recursive relationship links the stages together. This
recursive relationship contains a method for choosing
optimal states within a stage and for linking optimal stage
policies together into an optimal problem solution. To do
so, certain information must be stored at each state. This
includes 1) a link to a state in an adjacent stage, 2) the
objective function value for reaching this particular state,
and finally, 3) information necessary to describe the state
and make a decision regarding options for moving it to
the next adjacent state and determining its value relative
to the objective function (Figure 3). The formal
mathematics for dynamic programming are provided in
the next section.

Dynamic Programming Formulated

Mathematically

The objective function shown in equation one relates the
value of N management decisions, f(Y,), which yield a
stand described by Y, (a regeneration harvest in even-
aged stands). A management decision is defined by the
variable T .

N
FulYy) =n§0 r (T) )

Equation two relates the current state of a stand in stage n
to a state in the next stage n+1 (Y - Y, ,) by taking the
current stand condition (Yn) and adding the next current
growth (G, ,,(Y,)) and subtracting out any intermediate
harvests (T, ,,).

Yn+Gn+l ( Yn) N Tn+1 - Yn+1

@
(n=0,1,2,...,N-1)

Equation three simply relates the volume of a stand after it
has grown (X)) to its final volume in stage n (Y,) by
showing the difference as the amount of volume harvested

(T
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No thinning

Thin 20% of volume from 1400 c.f. state
or
No thinning from 1120 c.f. state

Thin 20% of volume from 1120 c.f. state

Thin 40% of volume from 1400 c.f. state

Total Volume

Clearcut from 1400 c.f. state, or 1120 c.f.
state, or 840 c.f. state

| l
30 yrs. 40 yrs.

Figure 2—Stages one and two of a dynamic programming network.

A This is the optimal path
400 c.f.

harvested

Thin 20% of volume from 1400 c.f. state
or
No thinning from 1120 c.f. state

280 c.f.
harvested

More than one path entering the same stand "state" in the same stage (40 years). The
principle of optimality states that we only have to store one condition per state.

Total Volume

Which one? Well, the one with the highests accumulated value! If we are maximizing
volume production the two paths have 400 c.f or 280 c.f. of harvested volume to that

stage.

Therefore, the optimal path to 1600 c.f. in stage 2 (40 yrs) comes from the 1400 c.f. state
in stage 1 (30 yrs). We will save this information (cumulative volume harvested, best
route to previous stage) for each state in the current stage, including the stage
representing final harvest (clearcutting).

|
40 yrs.

Figure 3—Competition for nodes in the DP network and tracing the optimal path.
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(n=0,1,2,...,N) (3)

Equation four assures that the final stand condition is a

clearcut. If uneven-aged management is applied, then a
different ending condition, one with a residual volume, is
defined.

X, ~T,=0 (4)

Equation five is the recursive relationship that links each
stage together. The function r (X ,T,) is the return
generated at stage n from decision T, taken on stand
described by X . The function r can maximize any
quantifiable criteria but is usually a maximum volume or
value function.

*
Fpl¥,)=  max [, (X, T)+F (Y, )]

n-1" “n

The variables are defined again for the reader:

X(Y\) = objective function value of N management
decisions yielding a stand described by Y. In the final
stage, N, Y, is a clear cut stand.

r,T, = return generated at stage n by decision T.

X, = state vector describing stand at stage n after it grows
from state Y, ,.

Y, = state vector describing stand at stage n.
T, = management decision taken at stage n.

G,.,(Y,) = growth of stand at stage n to stage n+1. Along
with T , this constitutes the transformation function.

r,(X,,T,) = return generated at stage n from decision T
taken on stand described by X .

Some Comments About Dynamic

Programming

A single variable such as total volume is usually insufficient
to adequately describe a stand. Two stands, both having a
total volume of 1000 ft*/acre may have very different
average diameters and thus different future growth and
value potential. Therefore, two or more state variables are
used to define a stand condition within a stage. However,
this leads to another problem known as the curse of
dimensionality (Arthaud 1986). State variables used to
describe forest stands are usually continuous. If the
variables cubic volume per acre and number of trees per
acre are used to define states within a stage and it is
assumed that the maximum volume is 5000 ft*/acre and
the maximum number of trees is 500/acre, then the DP
program must be able to represent 2.5 million states per
stage (assuming that all volumes and trees per acre are
rounded to the nearest integer). If yet another state
variable is added, the memory requirements are likely to
exceed the primary memory capacity of most University
mainframe computers. To effectively use continuous
variables and to reduce the size of the solution network,
the idea of state neighborhoods (Brodie and Kao 1979)

was introduced. For example, state neighborhoods of + 5
trees per acre and + 5 ft®/acre would reduce the two state
memory requirements from 2.5 million to 100,000 states
per stage. Figure 2 demonstrates an example of state
neighborhoods. If the neighborhood interval was 100
ft’/acre, then the paths leading to 1280 ft*/acre and 1200
ft/acre would compete for the same node in the network.
The key in using state neighborhoods is making sure that
your intervals are not so large as to violate the principle of
optimality (Pelkki 1997).

AN EXAMPLE OF DP AND FIELD TESTING -
YELLOW POPLAR MANAGEMENT

Description of NESTER

Nester (NEighborhood STate EvaluatoR) is a forward
recursive dynamic programming computer program for
Windows-based personal computers (Pelkki 1997). It
utilizes the GROW subroutine (Brand 1981) from the
TWIGS individual-tree growth projection system (Miner and
others 1988). NESTER allows the user to choose any
combination of six state variables (cubic foot volume per
acre, number of trees per acre, average diameter, basal
area per acre, number of thinnings, and average tree grade
per acre). Stage intervals can be as short as one year or
as long as 30 years. As NESTER utilizes an individual-tree
growth model, stumpage prices must be provided for each
species group included in the stand. NESTER can be used
to model mixed species stands, however, at the present
time, there are no thinning algorithms that select by
species. NESTER does project tree grade using the
method presented by Yaussy (1993). Also, because of the
individual-tree growth model, NESTER can simulate many
types of thinning operations, including mechanical thinning,
thinning from above, thinning from below, and thinnings
based on tree quality (improvement thinning and high-
grading). NESTER can simulate constant, real price
increases, or stochastic price changes independently for
sawtimber and other roundwood size classes.

NESTER Studies on Yellow Poplar

Two studies have been published to date using NESTER to
study yellow-poplar (Pelkki and Arthaud 1998, Pelkki
1999). One study focused upon changing markets and
prices and their effects on yellow-poplar management, the
other examined changing thinning strategies and the
impact on financial returns from yellow- poplar. The results
of these studies indicate the strength of dynamic
programming for sensitivity analysis and the overall
findings of these papers will be compared to published
results of field studies reported in Beck and Della-Bianca
(1981). The complete results of those studies are not
included here. This paper merely highlights some of the
new information obtained through computer simulations
and identifies some areas where additional field-based
work is needed.

Input Data for NESTER

Initial stand conditions were derived from published
diameter distributions (McGee and Della-Bianca 1967,
Knoebel and others 1986) for 20-year-old, average-
stocked, yellow-poplar stands with site indices of 90, 110,
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and 130 ft at 50 years. Potential grade distributions (Hanks
1976) representing low, average, and high stem quality
classes were defined using U.S. Forest Service Forest
Inventory and Analysis data for yellow-poplar in the region.
Thus, nine different combinations of site index and stem
quality distribution served as starting points for the DP
simulations.

Stumpage prices were obtained from regional price reports
and from Timber Mart South (1994). Capital costs were
generally set at 4 percent. Sensitivity to real price
increases and higher and lower costs of capital were
investigated.

NESTER runs were completed using two states, number of
trees per acre and cubic foot volume per acre, with the
state neighborhoods of 10 trees per acre and 10 ft* per
acre, respectively. The stage interval was set at 2 years,
but additional runs were investigated using different stage
intervals. All thinning options but mechanical thinning were
simulated (thinning from above, thinning from below,
thinning from above and below, high-grading, and
improvement thinning) at intensities ranging from 10
percent to 50 percent of the initial basal area in 5 percent
increments. Thus, from each state, 47 options were
simulated. The state network represented 46"+1 states
(where n = stage). The initial stage was age 20, and each
stage increased by two year increments. Therefore, stage
11 (age = 42) represented 46+1 possible ways to manage
a stand from age 20 to age 42.

Comparing Results of NESTER-Based

Studies to Previous Work

When thinning yellow-poplar stands, Beck and Della
Bianca (1981) note that cultural work in sapling and pole-
sized stands is very costly and there are few markets for
this material. When thinnings are done, Beck and Della-
Bianca (1981) recommend thinnings from below to
concentrate the value on larger, high-value stems. They
also noted that intermediate yellow-poplar trees would
respond to thinning from above. In a recently completed
DP study, Pelkki (1999) found that improvement thinnings,
while earning negative to very low initial returns (-$5.1 to
$31.5 per acre) were commonly part of the optimal financial
stand regime. These improvement thinnings removed first
large trees of low quality, then very small trees, and finally
low to higher grade factory sawtimber grade trees until a
basal area target was reached. In this manner, the trees
with the most valuable future growth potential were
retained.

In stands with high-quality stem distributions, the DP-based
studies (Pelkki and Arthaud 1998, Pelkki 1999) included
thinnings that removed 40-50 percent of the basal area.
Furthermore, some of the optimal financial regimes
included 4-6 thinnings (not all at the 40-50 percent intensity
level). Beck and Della-Bianca (1981) report considerable
leeway in manipulating yellow-poplar stocking levels to
achieve diameter growth and quality goals without
sacrificing volume production. However, the frequency and
intensity of the DP-based harvest may initiate advance
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regeneration which would increase the final harvest and
site regeneration costs.

In studies reported in Beck and Della-Bianca (1981), first
thinnings are recommended as early as 15-20 years and
can be repeated every 5-15 years over the rotation. The
DP-based studies (Pelkki and Arthaud 1998, Pelkki 1999)
have an initial stand state that is 20 years of age and so
cannot simulate thinnings before the age of 22 years (1st
stage). However, in the DP-studies, most initial thinnings
occurred between the ages of 22 and 28 years. Multiple
thinnings in the DP-based studies ranged from 2-12 years
apart with most being 4-10 years apart.

In regimes with multiple thinnings, Beck and Della-Bianca
(1981) recommend that later thinnings be lighter because
basal area growth response in older stands is lower. The
DP-studies (Pelkki and Arthaud 1998, Pelkki 1999) had
heavier later thinnings, possibly due to the financial, rather
than volume objectives of the simulation. Both Beck and
Della-Bianca (1981) and the DP-based studies (Pelkki and
Arthaud 1998, Pelkki 1999) found that intense thinnings
shortened the rotation.

While not explicitly discussed in Beck and Della-Bianca
(1981), the yield tables suggest an optimal rotation of 50-70
years for fiber production. The DP-based studies (Pelkki and
Arthaud 1998, Pelkki 1999) found maximum financial returns
with rotations as short as 32 years or as long as 66 years.
Factors contributing to shorter rotations were a good market
for pulpwood, OSB, and other fiber-based products, high
interest rates, and higher site indices. Factors contributing to
longer rotation lengths were high stem quality distributions,
lower interest rates, and higher sawtimber prices (or an
absence of sub-sawtimber markets). These factors favored
longer, sawtimber-focused rotations.

For yellow-poplar management, the DP-based studies
uncover three major issues that need additional research in
a field-based setting. First and foremost, can improvement
thinnings, based on potential tree grading bring the
economic returns projected by the computer simulations?
Additional studies have shown (Pelkki and Ringe 1998)
that the earlier a valid potential tree grade can be applied,
the greater the economic returns. Secondly, are harvest
costs in poletimber stands prohibitive? The DP-simulations
assume a fixed entry cost on all thinnings and a 15 percent
thinning penalty on all stumpage prices (to reflect the
added cost of thinning over a final harvest). They also
charge harvest costs for pre-merchantable stems at the
rate of 10 percent of the merchantable price (if the stems
were of merchantable size). Studies by Kluender and
others (1996) suggest that harvest cost of small diameter
stems are greater than proportional to volume in southern
pine stands. With the increase in markets for hardwood
pulpwood throughout the central Appalachian region,
thinning and site preparation cost studies would appear
necessary. Finally, the DP-based simulations suggest that
multiple thinning regimes with 4-6 entries prior to final
harvest may optimize financial returns in some yellow-
poplar stands. Some field-based tests of such regimes



would answer questions related to problems in stand
integrity and advance regeneration treatment costs.

SUMMARY - WHY BOTH APPROACHES ARE
NEEDED

Unquestionably, both field-based and simulation-based
approaches are necessary for forest researchers in the
future. Field-based studies provide on-the-ground
confirmation of new practices and working methods for field
application. They cannot, however, respond quickly to new
markets or changing economic conditions. While computer
simulations can perform thorough sensitivity analyses to
many variables, they lack the real world operational
constraints that are often too complex to model and may
even be unanticipated by the researcher. Computer
simulations are best left to exploratory research with their
results confirmed by field-based studies which can then
lead to changes in actual management practices.
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USE OF GPS AND GIS IN HARDWOOD FOREST INVENTORY

C.J. Liu?

Abstract— Recent advances in GPS satellite survey,
geographic information systems, and a portable electronic
distance measurement device are useful new tools which,
when combined with classical tree measurement, timber
volume calculation, statistical inventory procedures, provide
a pathway for generating highly accurate digital timber
stand information for effective forest management decision
makings. This presentation describes the methods and
procedures used in the design of an intensive timber
inventory conducted in a mountainous forest watershed.

In this prototype study, GPS, laser ranging, and GIS
techniques are used to replace traditional forest inventory
tools such as chains, compasses, altimeters, and optical
forks. GPS land navigation technique is employed to locate
inventory plot centers and a differential GPS point
positioning technique is used to permanently determine
surveying plot locations. A laser ranging instrument, called
Criterion, is used to measurement upper-stem diameters
and subsequently to determine merchantable lengths of
commercial trees. Georeferenced timber survey data and
computer generated environment data such as slope and
aspect maps are stored in a geographic information system
for subsequent analyses.

The inventory uses a traditional systematic line-plot design
to tally timbers in an eastern hardwood forest situated on

1 Department of Forestry, University of Kentucky, Lexington, KY 40546.

the western slope of the Appalachian mountain. Using
Criterion’s laser ranging capability, plot trees are identified
by measuring the distance between plot and tree centers.
For a plot tree, its dbhob is measured by a caliper and its
merchantable length is measured by the criterion. The
Criterion’s diameter and height measurement functions
allow foresters to accurately determine the position of a
prescribed upper-stem diameter and the measure the
vertical distance between two points on tree stems. The
digital display feature provided by this instrument
eliminates the need to interpret analogous scales on
conventional tree measurement and portable surveying
equipment. Tree measurement data are subsequently
inputted into a personal computer for the computations of
both board-foot and cubic-foot saw-timber volumes. All
these measurements exceed functional accuracies
specified for intended forest inventory work.

Using statistic estimation methods, plot data are expanded
to provide interval estimates of timber stocking on a per
acre basis or for the entire forest stand. In addition, all
inventory data are entered into a GIS framework which
contains environmental data such as aspect and slope
maps. The GIS is used to store, display, and query of
timber stands information for effective forest management
decision makings.

Citation for proceedings: Stringer, Jeffrey W.; Loftis, David L., eds. 1999. Proceedings, 12th central hardwood forest conference; 1999 February
28-March 1-2; Lexington, KY. Gen. Tech. Rep. SRS-24. Asheville, NC: U.S. Department of Agriculture, Forest Service, Southern Research

Station. 293 p. [Oral presentation abstract].
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USE JAVA AND THE INTERNET TO MANAGE DATA AND
PREDICT THE FUTURE OF FOREST STANDS

J.J. Colbert and George Racin !

Abstract— A Java based software package provides a user
with Internet access the ability to store, summarize, and
translate field collected data describing forest stands and to
run simulations to assess possible future scenarios that
include stand management and the effects of gypsy moth
defoliation. The model interface is constructed as a Java
applet that will run within a Java-compliant Internet world-
wide-web browser, allowing a user from any computer that
has Internet and web access to use these tools. The model
user also has the ability to access data from a large
collection of example stands that are available from a
server-side database. If the user has a locally available

Java Virtual Machine (JVM), then it is possible to use a
Java application version of these software programs that
permits the local storage, access, and management of
input and output data files generated through use of the
program. Data from field plots entered through the user
interface are summarized on a per acre basis and from
these data, the user can directly obtain estimates of
stocking, volume, and value, as well as stand structure and
related habitat data summaries. Simulations permit the
user to look at potential growth scenarios under
hypothesized management actions.

1U.S. Department of Agriculture, Forest Service, Morgantown, WV 26505-3101.
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ESTIMATING PREVIOUS DIAMETER FOR INGROWTH TREES ON REMEASURED
HORIZONTAL POINT SAMPLES

Susan L. King and Stanford L. Arner

1

Abstract— The purpose of this study was to develop an improved procedure to estimate a previous diameter for ongrowth
and nongrowth trees on plots sampled by variable radius plot sampling. However, the models built can be used whenever a
previous diameter is required and the appropriate independent variables are available. Data for this study were from 1,965
remeasured forest inventory plots in the 1989 inventory of West Virginia conducted by the Northeastern Research Station’s
Forest Inventory and Analysis (NEFIA) unit. The investigation focused on three areas. First, we investigated whether
breaking the data into six groups based on the rank average diameter growth was superior to NEFIA's procedure of
breaking the data into seventeen species groups. Second, we investigated whether basal-area increment (BAI) was
superior to diameter increment (DI) as a dependent variable. Finally, we investigated additional independent variables.
Based on the R?, mean residual, mean absolute error, and root mean square error, the best model had six species groups,
BAI as the dependent variable, and a slightly expanded set of independent variables.

INTRODUCTION

Missing observations are common in “real world” data sets.

In forestry, there are many instances in which a diameter
for a previous period is required but not available. The
impetus for this study was a problem encountered by the
Forest Service’s Forest Inventory and Analysis (FIA) units
which are required to produce periodic tables showing net
volume change from the previous inventory as well as the
components of change: ingrowth (1), survivor growth (S),
mortality (M), and cut (C). Equation (1) expresses net
change as the sum of these components:

V,-V,=1+S-M-C (1)

where:
V, = volume at time period 1;

V, = volume at time period 2.

Martin (1982) defined six possible categories of trees
encountered on remeasured point samples. The first four,
ingrowth, survivor, mortality, and cut trees were measured
at the first inventory. The remaining categories, ongrowth
and nongrowth trees, were alive and included only in the
second inventory. Ongrowth trees were nonmerchantable
(below minimum dbh) at the first inventory but of
merchantable size at the second inventory. Nongrowth
trees were above minimum dbh at the first inventory, but
grew sufficiently to be included in the second inventory.

Most FIA units have used multiple subplot horizontal point
samples (prism plots) to inventory trees larger than a
specified merchantable diameter. With this type of sample,
the probability of selecting a sample tree is proportional to
the basal area of the individual tree and depends on the
basal-area factor of the prism.

Traditional estimation procedures for total net change and
its components yielded estimates for which the two sides of
equation (1) do not agree because ongrowth and
nongrowth trees were excluded as components of growth.
Martin (1982) obtained compatible estimators by including
in ingrowth both ongrowth and nongrowth trees. Van
Deusen and others (1986) improved the compatible
estimators by rearranging Martin’s equation to include
nongrowth with survival growth. They showed that the
standard error of this new estimator of survival growth was
smaller than Martin’s traditional estimator. Also, the
estimator for ingrowth used by Van Deusen and others
cannot be negative. Roesch and others (1989) showed that
the estimation of survival growth could be improved with
additional rearrangement of some components. To
distinguish between ongrowth and nongrowth trees, these
new procedures require the estimation of previous diameter
for trees that were not measured at the initial inventory.

NEFIA unit has used several plot designs, including a 10-
point variable radius design. To obtain compatible
estimates of change with these plots, we need to estimate
previous diameter for trees measured only at time period 2.

To estimate previous diameter, NEFIA currently uses trees
measured at both inventories to develop regression
equations. The model is:

DI = f (DBH2, TRCLS2, CRNCLS2, CRATIO?2, 2
CRCC2, DCR2)

where:

DI = annual diameter increment;

DBH2 = tree diameter at time period 2;

TRCLS2 = tree class at time period 2, a measure of tree
quality;
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CRNCLS2 = crown class at time 2, a measure of crown
position in the canopy;

CRATIO2 = crown ratio at time 2, the proportion of a tree
with a live crown;

CRCC2 = CRATIO2/CRNCLS2;
DCR2 = DBH2 - CRATIO2.

The data are divided into seventeen species groups. For
each group, a stepwise backward elimination regression
procedure finds the functional relationship between the
dependent and independent variables. Annual Dl is the
dependent variable as opposed to total increment between
inventories because the trees are remeasured at different
intervals. The procedures developed by Roesch and others
(1989) and Van Deusen and others (1986) assume that
good estimates of previous diameter for ongrowth and
nongrowth trees are possible. With the NEFIA procedure,
the R? for each of the seventeen species groups is low,
e.g., the most recent inventory from West Virginia had R?
values ranging from 0.06 to 0.56.

PROCEDURE

The data for this study are from 1,965 remeasured forest
inventory plots in West Virginia (DiGiovanni 1990). Trees
were initially measured in 1975 and remeasured in 1988.
Only trees larger than 5 inches in diameter at both
inventories were used. The data were split into a model
data set with 8,723 observations and a validation data set
with 7,951 observations.

Using multiple linear regression, we investigated different
sets of independent variables, different species-group
compositions, and BAI as a dependent variable. Although
the explanatory variables have biological meaning with
respect to competitive position, size, and tree quality, the
model itself is not easily interpreted biologically as is the
case with models developed by Teck and Hilt (1991) and
Quicke and others (1994). However, our objective was to
find a better estimate of annual DI for trees alive at both
inventories. It was not necessary to account for ingrowth,
cut, or mortality.

Apart from the variables used by NEFIA, we investigated
additional variables reported in the literature as important in
modeling tree growth. The additional independent variables
were restricted to those measured by NEFIA and those that
could be calculated:

BA2 = total plot basal area of trees at least 5 inches in
diameter at time 2;

TPA2 = total number of trees per acre of trees at least 5
inches in diameter at time 2;

MD2 = plot medial diameter of trees at least 5 inches in
diameter at time 2;

QD2 = plot quadratic diameter of trees at least 5 inches in
diameter at time 2;

BAL2 = total basal area of trees larger than the sample
tree at time 2;

RLD2 = relative diameter; ratio of tree diameter to medial
diameter of plot, MD2;

RLQD2 = relative diameter; ratio of tree diameter to
quadratic diameter of plot, QD2.

The plot variables, BA2, TPA2, MD2, and QD2, are
expressions of site occupancy or total competition and size
of the trees on the plot. The tree variables, BAL2, RLD2,
and RLQD2, are measures of the competitive position of
the sample tree relative to other trees on the plot.

The basal area larger (BAL2) variable is used in the
potential growth times modifier type of model found in the
NC and NE-TWIGS growth simulators (Hilt and Teck 1989:
Miner and others 1988: Quicke and others 1994). Marquis
(1991) used relative diameter to model diameter growth.

Variables not considered are tree or stand age and a
measure of site productivity. NEFIA does not determine the
age of individual trees, and stand age was excluded
because many of the plots are classified as uneven-aged.
Also, experience has shown a poor relationship between
diameter growth and the site-productivity measure
determined by NEFIA.

We investigated both DI and BAI as the dependent
variable. Because of unequal number of years between
plot measurements, annual increment was modeled as:

N

or

(BA2 - BAl)
BAT = —mM8M8M—— (4)
N
where:

N = number of years between measurements on the plot;
DBH1 = tree diameter at time period 1;
DBH2 = tree diameter at time period 2;
BAL = tree basal area at time period 1,

BA2 = tree basal area at time period 2.

The seventeen species groups used by NEFIA are based
on form class and are used in our volume equations (Scott
1979). To investigate whether another grouping of species
is more appropriate to model diameter growth, we formed
Six species groups based on rank of the average diameter
growth for a species. Mean annual diameter growth ranged
from 0.068 for the lowest ranked group to 0.203 for the
highest.

RESULTS

We compared the R? values, mean residuals, mean
absolute residuals, and root mean square errors using the
NEFIA independent variables for the total sample of both
the model and validation data sets (Table 1). The
comparison is for six procedures: 1) the stepwise
procedure on each of seventeen species groups using DI
as the dependent variable; 2) all variables for each group
using DI; 3) all variables ignoring species group using DI;
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Table 1—R?s, mean residuals, mean absolute residuals, and root mean square errors (MSE) for
the stepwise procedure using NEFIA variables with three species groupings

Procedure R?

Mean Mean abs. Root
residual residual MSE

Diameter increment

Stepwise, 17 groups 0.348

Nonstepwise, 17 groups 0.349

Nonstepwise, no groups 0.211

Nonstepwise, 6 groups 0.351
Basal-area increment

Nonstepwise, 17 groups 0.557

Nonstepwise, 6 groups 0.565

Diameter increment

Stepwise, 17 groups 0.312

Nonstepwise, 17 groups 0.312

Nonstepwise, no groups 0.207

Nonstepwise, 6 groups 0.322
Basal-area increment

Nonstepwise, 17 groups 0.536

Nonstepwise, 6 groups 0.553

Model data set

0.0 0.0530 0.0692
0.0 0.0529 0.0691
0.0 0.0584 0.0762
0.0 0.0530 0.0691
0.0033 0.0440 0.0571
0.0013 0.0436 0.0566

Validation data set

0.0017 0.0544 0.0721
0.0017 0.0545 0.0721
0.0022 0.0585 0.0775
0.0005 0.0545 0.0716
0.0032 0.0451 0.0592
0.0017 0.0448 0.0582

4) all variables using six species groups and DI; 5) all
variables using seventeen species groups with BAI as the
dependent variable; and 6) all variables using six species
groups and BAI. Equation (5) and (6) give the formulas for
calculating the R? and root mean square errors,
respectively, for the combined data.

R? = 1 — (SSRESJ (5)
SSTOT
SSRES (6)
RMSE = |——
n.

1

where:

SSRES = ii(‘i’u - ?ﬁ)z;

il jml

j = observed DI;
- = predicted DI;

Y
9
Y = overall mean DI;

n, = number of trees in group i

g = number of species in a group, 17, 6, or 1.

The predicted value for the validation data set, \?I was

obtained using the coefficients estimated with the model
data set.
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The stepwise procedure for the seventeen species groups
offers little advantage over the nonstepwise procedure for
each group. There is little difference in any of the statistics
between these two procedures. Each of the NEFIA
independent variables was significant in several of the
groups, indicating that eliminating one or more of the
variables would be inappropriate. Yet there is an advantage
in grouping the species. All of the statistics for both the
model and validation data sets show improvement when
the data are divided into species groups. However, there is
little difference between the results using the seventeen
groups based on form class and the six groups based on
rank of mean DI. As seen in Table 1, there is a marked
improvement when BAI replaces DI as the dependent
variable. For the BAI model, all results are expressed in
reference to DI using the translation:

(BA1+N-BAI)
K

-pBHI (@

DI(BA)= S

where:
BAI = predicted BAI;
K = 0.005454154, a conversion factor from diameter in

inches to basal area in square feet.

All of the statistics use DAI(BA) as the predicted DI for the
basal-area model.

Table 2 presents a more complete analysis of the
differences between results using DI versus BAI for the



Table 2—Comparison statistics for the diameter-increment and basal-area increment models for model and validation data sets

Diameter-increment model

Basal-area increment model

Species No. of Mean Mean Mean abs. Root Mean  Mean abs. Root
group trees DI R2 residual residual MSE R2 residual residual MSE
Model data set
1 247 0.0681 0.045 0.0 0.0322 0.0408 0.235 0.0011 0.0288 0.0365
2 947 0.0929 0.085 0.0 0.0415 0.0525 0.315 0.0004 0.0359 0.0454
3 2489 0.1145 0.157 0.0 0.0434 0.0562 0.370 0.0012 0.0374 0.0486
4 2371 0.1434 0.201 0.0 0.0556 0.0714 0.471 0.0010 0.0452 0.0582
5 783 0.1595 0.219 0.0 0.0564 0.0720 0.473 0.0021 0.0464 0.0591
6 1876 0.2026 0.212 0.0 0.0689 0.0880 0.513 0.0022 0.0540 0.0692
All groups 8723 0.1416 0.351 0.0 0.0528 0.0691 0.565 0.0013 0.0435 0.0566
Validation data set

1 97 0.0700 0.001 0.0018 0.0337 0.0413 0.204 0.0022 0.0300 0.0369
2 616 0.0953 0.079 0.0024 0.0425 0.0546 0.315 0.0029 0.0368 0.0471
3 2417 0.1146 0.183 0.0001 0.0436 0.0557 0.392 0.0017 0.0373 0.0481
4 2448 0.1435 0.161 0.0016 0.0561 0.0732 0.450 0.0018 0.0455 0.0592
5 509 0.1662 0.115 0.0043 0.0598 0.0788 0.401 0.0027 0.0497 0.0649
6 1864 0.2030 0.201 -0.0021 0.0700 0.0898 0.514 0.0014 0.0551 0.0701
All groups 7951 0.1455 0.322 0.0005 0.0545 0.0716 0.552 0.0018 0.0447 0.0582

procedure with six-species groups. Although the bias (as
expressed by the mean residual) is slightly greater for the
BAI model, the R?, mean of absolute residuals, and root
mean square error are substantially smaller. Mean annual
diameter growth (mean DI) for each species group also is
included in Table 2.

Table 3 gives the results for different combinations of
independent variables for the six species groups. Some of
the independent variables discussed previously were
added to the NEFIA variables. The models listed are the
best 1, 2, and 3 variable combinations. The additional

variables express plot occupancy and tree competitive
position. In the remaining three models, CRCC2 and
CRNCLS2 were deleted. In each of the three models,
BAL2, RLD2, or RLQD2 was substituted for CRNCLS2.
These variables measure a tree’s competitive position
relative to the other trees on a plot.

The results for the models with variables substituted for or
added to the FIA variables are mixed. Each of the four
statistics presented in Table 3 indicate a different “best”
model. All differences are small and no model represents a
substantial improvement over the others.

Table 3—Comparison statistics for models with variables substituted for or added to NEFIA variables

using six-group BAI model and model data sets

Mean Mean abs. Root

Variable R? residual residual MSE

NEFIA? 0.565 0.0013 0.0436 0.0566
DBH2, TRCLS2, CRATIO2, DCR2, BAL2 0.575 0.0014 0.0431 0.0559
DBH2, TRCLS2, CRATIO2, DCR2, RLD2 0.562 0.0010 0.0438 0.0567
DBH2, TRCLS2, CRATIO2, DCR2, RLQD2 0.567 0.0010 0.0435 0.0564
NEFIA + BAL2 0.578 0.0016 0.0429 0.0557
NEFIA + BAL2 + BA2 0.581 0.0015 0.0428 0.0555
NEFIA + BAL2 + BA2+TPA2 0.581 0.0015 0.0428 0.0555

#NEFIA= DBH2, TRCLS2, CRNCLS2, CRATIO2, CRCC2, DCR2.
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We used the BAI model with six species groups and
NEFIA variables to determine how the model performed
over the range of tree sizes. The mean residual, mean
absolute residual, and root mean square error were
determined for 2-inch diameter classes (Table 4). As
indicated by the mean residual, for the validation data set
there is a small average over prediction for diameters less
than 9 inches and greater than or equal to 23 inches. For
the diameter classes in between there is a small
underprediction.

DISCUSSION AND CONCLUSIONS

With our method there was a marked improvement over
current NEFIA procedures in all model valuation statistics
except for the mean residual. For the validation data set,
the change in the dependent variable from annual DI to
annual BAI produced a 72 percent increase in R?, a 17
percent decrease in mean absolute residual, and an 18
percent decrease in root mean square error.

Grouping by species was better than not grouping them.
The grouping based on ranked diameter growth showed
only a slight improvement over the seventeen NEFIA form
class groups for both the DI and BAI models. Other
groupings were not investigated.

There was only a slight improvement when even the best
of the other procedures and models was used. As a result,
there seems little reason to find a “best” set of independent
variables for each group using a stepwise procedure as the
outcome using all variables for all groups is essentially the
same.

The variables considered as substitutions for or additions
to the NEFIA variables produced little improvement.
Approximately the same results could be obtained using
any of the different combinations of NEFIA and the other
plot and tree variables considered here.

Quicke and others (1994) developed a biologically
interpretable model using a function with potential growth
multiplied by a growth modifier for a single species with
plots chosen for specified characteristics. For this study,
trees are located on plots chosen at random from a wide
range of forest conditions. Disturbance on the plot was
not taken into account. There were 78 species and a
wide range in size. The results presented here closely
approximate those obtained by Quicke and others
(1994).

Data used by Teck and Hilt (1991) are from the same type
of unstructured design as those presented in this study.
They also developed and used a biologically interpretable
DI model. With their validation data set, the overall mean
prediction error was 0.013 and the root mean square error
was 0.085. These statistics are substantially higher than
ours.

The coefficients of the models developed here can be used
for purposes other than that of NEFIA if the independent
variables included in the model are measured. Table 5
contains coefficients for the six-species-group BAI model
using NEFIA variables plus BAL2. Table 6 lists the tree
species assigned to each of six species groups.

The coefficients developed from this study should be
applied to other regions with caution.

Table 4—Comparison statistics by diameter class for six-group basal-area increment model

Model data set

Validation data set

Dbh No. of Mean Mean Mean abs. Root No. of Mean Mean Mean abs. Root
class trees ]| Residual residual MSE trees ]| residual residual MSE
In.

5-6.9 529 0.0573 -0.0043 0.0231 0.0293 490 0.0565 -0.0034 0.0230 0.0289
7-8.9 1353 0.0930 -0.0018 0.0313 0.0394 1136 0.0965 -0.0010 0.0323 0.0398
9-10.9 1371 0.1246 0.0025 0.0412 0.0518 1202 0.1259 0.0028 0.0401 0.0508
11-129 1316 0.1401 0.0011 0.0458 0.0577 1179 0.1466 0.0042 0.0454 0.0592
13-14.9 1250 0.1587 0.0049 0.0468 0.0614 1087 0.1576 0.0026 0.0487 0.0636
15-16.9 946 0.1676 0.0008 0.0483 0.0615 918 0.1741 0.0046 0.0506 0.0651
17 - 18.9 702 0.1787 0.0027 0.0532 0.0680 643 0.1901 0.0089 0.0543 0.0696
19 - 20.9 470 0.1903 0.0064 0.0532 0.0686 480 0.1845 0.0006 0.0564 0.0719
21-229 296 0.1909 0.0007 0.0554 0.0711 263 0.1882 0.0003 0.0525 0.0665
23-249 180 0.2018 0.0056 0.0532 0.0698 222 0.1921  -0.0044 0.0580 0.0709
> 25 310 0.1913 -0.0044 0.0499 0.0614 331 0.1851 -0.0103 0.0532 0.0641
All trees 8723 0.1416 0.0013 0.0436 0.0566 7951 0.1455 0.0017 0.0448 0.0582
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Table 5—Regression coefficients for six-group basal-area increment model using NEFIA variables and BAL2

Species

group Intercept DBH2 TRCLS2 CRATIO2 CRNCLS2 DCR2 CRCC2 BAL2
1 0.00107 0.00065 0.00011 0.00028 -0.00043 0.00005 -0.00059 -0.000014
2 0.01448 0.00028 -0.00127 0.00053 -0.00225 0.00020 -0.00367 -0.000033
3 0.02058 0.00064 -0.00309 -0.00115 -0.00272 0.00025 -0.00301 -0.000042
4 0.02239 0.00048 -0.00104 -0.00159 -0.00365 0.00041 -0.00486 -0.000048
5 -0.00150 0.00160 -0.00132 -0.00306 0.00041 0.00021 0.00582 -0.000055
6 0.00132 0.00214 -0.00405 -0.00458 0.00219 0.00016 0.00957 -0.000110

Table 6—Tree species assigned to one of six species groups based on rank of mean diameter increment

Species Species

group Common name Scientific name group Common name Scientific name

1 Hawthorn Crataegus sp. Sassafras Sassafras albidum
Shortleaf pine Pinus echinata White basswood Tilia heterophylla
Flowering dogwood Cornus flordia Shagbark hickory Carya ovata
European alder Alnus glutinosa Black locust Robinia pseudoacacia
Table mountain pine Pinus pungens Hackberry Celtis occidentalis
Black willow Salix nigra White oak Quercus alba
Chinkapin oak Quercus muehlenbergii Apple sp. Malus sp.
Eastern hophornbeam Ostrya virginiana Eastern hemlock Tsuga canadensis
Silver maple Acer saccharinum Bitternut hickory Carya cordiformis
Blackgum Nyssa sylvatica Yellow buckeye Aesculus octandra
Willow oak Quercus phellos Slippery elm Ulmus rubra
Sourwood Oxydendrum arboreum Swamp white oak Quercus bicolor

2 Maple sp. Acer sp. Cucumbertree Magnolia acuminata
Quaking aspen Populus tremuloides American basswood Tilia americana
Pitch pine Pinus rigida Red maple Acer rubrum
Overcup oak Quercus lyrata American elm Ulmus americana
Post oak Quercus stellata Sugar maple Acer saccharum
Red spruce Picea rubens Shellbark hickory Carya laciniosa
Pin cherry Prunus pennsylvanica Striped maple Acer pennsylvanicum
Am. hornbeam, Carpinus caroliniana Eastern red-cedar Juniperus virginiana

Musclewood Black oak Quercus velutina

Osage-orange Maclura pomifera White ash Fraxinus americana
River birch Betula nigra Butternut Juglans cinerea
Yellow birch Betula alleghaniensis Elm sp. Ulmus sp.
Basswood sp. Tilia sp. Sycamore Platanus occidentallis
Black walnut Juglans nigra Green ash Franxinus pennsylvanica
Virginia pine Pinus virginiana Boxelder Acer negundo
Mockernut hickory Carya tomentosa Black cherry Prunus serotina
Sweet birch Betula lenta Eastern white pine Pinus strobus
Common persimmon  Diospyros virginiana Scarlet oak Quercus coccinea

3 Bur oak Quercus macrocarpa Northern red oak Quercus rubra

Ohio buckeye

Aesculus glabra

Pignut hickory Carya glabra

Hickory sp. Carya sp.

American beech Fagus grandifolia

Magnolia sp. Magnolia sp.

Chokecherry Prunus virginiana

Buckeye, Aesculus sp.
Horsechestnut

Chestnut oak

Quercus prinus

Bigtooth aspen
Yellow-poplar

Pin oak

Prunus sp.
Ailanthus

Black maple
Eastern redbud
Southern red oak

Populus grandidentata

Liriodendron tulipifera

Quercus palustris

Prunus sp.

Ailanthus altissima

Acer nigrum

Cercis canadensis

Quercus falcata v.
falcata
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NEURAL NETWORKS VS. MULTIPLE LINEAR REGRESSION
FOR ESTIMATING PREVIOUS DIAMETER

Susan L. King *

Abstract— A neural network is a nonparametric statistical modeling procedure known for its capacity to process nonlinear
relationships. For estimating the previous diameter of a tree, the exact functional relationship between the response variable
and the independent variables is unknown. The relationship is most likely nonlinear. Multiple linear regression was used to
develop a model for estimating the previous diameter of trees in West Virginia. The data were split into a model data set with
8,723 observations and a validation data set with 7,951 observations. The dependent variable was either basal-area
increment or diameter increment. Two different sets of independent variables were evaluated. The data were divided into six
species groups based on the rank of the average diameter growth of the species. Basal-area increment was a superior
dependent variable for the multiple linear regression model. Basal-area increment is a nonlinear transformation of the
diameter increment. It was thought that neural networks with its capacity to capture nonlinear relationships might provide an
equivalent or superior solution with the diameter increment response variable as opposed to the basal-area increment
response variable. All of the basal-area increment models had a higher R? than their diameter increment counterparts.
Neither technique was superior in all cases. Other issues such as the stopping criteria, initial weight selection, the optimal
number of hidden nodes, and the optimal number of hidden layers in a neural network are also discussed.

INTRODUCTION

The goal of a neural network is to mathematically model
the brain and to capture its pattern recognition capabilities.
Humans are more efficient at processing pattern
information such as speech and visual images than any
machine, whereas computers are extremely fast at
processing information that can be formulated into a
sequence of instructions.

A neural network may provide a superior solution over a
traditional statistical approach for certain classes of
problems (Burke, 1991). These classes include problems in
which the distributions are unknown and possibly nonlinear,
where outliers may exist, and where noise is present in the
data. These are common conditions in forest inventory data.
This paper investigates whether neural networks provide
improved estimates over the traditional statistical modeling
procedure of multiple linear regression for estimating
diameter of a tree at an earlier time period.

In multiple linear regression, the relationship between
independent and dependent variables is assumed to be
linear and interactions among the independent variables
must be specified in advance by the user. In neural
networks, there is no assumed relationship between the
independent and dependent variables. The relationship
between independent and dependent variables and the
interactions among the independent variables are learned
through an iterative process. Neural networks require no
assumptions about the distributions, mean, or correlation of
the errors.

PROBLEM
The Northeastern Forest Inventory and Analysis (NEFIA)
unit of the USDA Forest Service currently uses trees

measured at current and previous inventories to develop
multiple linear regression equations to estimate previous
diameter for those trees not recorded at the previous
inventory. The impetus for this study was to develop an
improved procedure to estimate a previous diameter for
ongrowth and nongrowth trees on plots sampled by
variable radius plot sampling. However, the models built
can be used whenever a previous diameter is required and
the appropriate dependent variables are available. For
West Virginia, King and Arner (1998) developed a new
procedure to estimate a previous diameter. They used six
groupings based on the rank of the average diameter
growth for a species. Also in their study, many different
independent variables and combinations of independent
variables were evaluated. To investigate whether neural
networks can provide a better estimate of previous
diameter, the best models from the King and Arner study
were selected for comparison.

DATA

The data for this project came from 1,965 remeasured forest
inventory plots in West Virginia. The trees were initially
measured in 1975 and then remeasured in 1988. Only trees
larger than 5 inches in diameter at both time periods were
included. The data were randomly split into a model building
data set with 8,723 observations and a validation data set
with 7,951 observations. Before splitting the data, they were
grouped into six species groups. There were two sets of
independent variables chosen for comparison. The first set
of variables are those currently used by NEFIA to estimate
the previous diameter. These variables are:

DBH2 = tree diameter at time period 2;

TRCLS2 = tree class at time period 2, a measure of tree
quality;

1 Operations Research Analyst, USDA Forest Service, 100 Matsonford Road, 5 Radnor Corp Ctr., Ste. 200, Radnor, PA 19087-4585.
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CRNCLS2 = crown class at time 2, a measure of crown
position in the canopy;

CRATIO2 = crown ratio at time 2, the proportion of a tree
with a live crown;

CRCC2 = CRATIO2 / CRNCLSZ2;
DCR2 = DBH2 « CRATIO.

The analysis by King and Arner showed that the addition of
the variable BAL2 improved the results. BAL2 is the sum of
the basal areas of the trees on a plot larger than the
subject tree. It is a measure of the competition for light.
The addition of the variable BAL2 to the first set of
independent variables formed the second set of
independent variables. Two response variables were
investigated: diameter increment (DI) and basal area
increment (BAI).

DBH2 - DBH1
pT = | ) )
N
or 2 2
K - (DBH2° - DBH1
BAT = ( ) 2)
N
where:

N = number of years between measurements on the plot;
DBH1 = tree diameter at time period 1;
DBH?2 = tree diameter at time period 2;

K = 0.005454154, a conversion factor from diameter in
inches to basal area in square feet.

Annual increment was used to account for variation in the
measurement period among the plots. Basal area and dbh
are related by a transformation. Logic would suggest that
BAI would be a better response variable than DI. There is
not a one-to-one mapping between DI and BAI. A
poletimber and a sawtimber tree may have the same DI,
but different diameters at both measurement periods. BAI
captures the differences in the size of the trees. Thus, 24
models were compared for both multiple linear regression
and neural networks.

NEURAL NETWORKS

The type of a neural network chosen for this study is a
feedforward backward propagation network (Figure 1). The
network consists of three layers: the input layer, hidden
layer, and output layer. The layers consist of processing
units called nodes. Arcs connect the layers. Each arc has a
weight which represents the strength of the connection.
The goal of a neural network is to find the best estimate of
the weights.

In the input layer, the number of nodes corresponds to the
number of independent variables. In the hidden layer, not
only is the number of nodes variable, but also there may be
more than one hidden layer. Only one hidden layer is
shown in Figure 1. In general, only one hidden layer is
required. The third layer is the output layer. The number of
nodes in this layer corresponds to the number of
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dependent variables. A backpropagation network has no
cycles. All of the arcs move from left to right.

Each observation in the data set forms an input pattern, p.
An observation is called an exemplar in neural networks. A
linear combination of the input patterns and the weights is
formed at each hidden node. This defines a plane in N - 1
dimensional space, where N is the number of input nodes.
The hyperplane passes through the origin unless a bias
weight is added to the hidden node. Mathematically, this
process is represented as:

I .
for j=1,...,J 3)
P—w. 4 w..xP
netj j 2 iXi

where: =

w, = the bias term for hidden unit j;

w; = the weight from input node i to hidden node j;
x? = i component of the p™ exemplar;

| = number of input nodes;

J = number of hidden nodes.

By creating a dummy node with a fixed input value of 1 or

-1, the bias can be written as a weight, w,,, .. Thus,
equation (3) becomes:
I+1
P — P i=
net’ =y wx! for j=1,...,J. 4)

i=l

A squashing or activation function is applied to net'jJ at each
hidden node j. This function introduces nonlinearities into
the network. Common squashing functions are the logistic
and hyperbolic tangent function. Applying the squashing
function to net’j’ yields:

y;,’ = f(netf) for j=1,....J. (5)

The output from each of the j nodes at the hidden layer
becomes the input to the k output nodes.

A linear combination of the output from the hidden nodes
and the weights, Vi is formed. As before, a bias term is
added. Mathematically, this may be expressed as:

J+1

net? = 2 ijY;) for k=1,...,.K (6)
j=1

where:

vy = the weight from hidden node j to output node k.

A squashing function is applied to net}, to obtain the
predicted output:
op = f(net}) for k=1,...,K. @
Backpropagation is a supervised procedure. That is, it
requires an observed dependent variable, t}. The estimated

value, of, is compared with t}, to determine if they are
close. One measure of closeness is the sum of the
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Figure 1—Backpropagation network. The network is fully connected. There is an arc from every node to a node in the next layer.

squared differences between t} and o}. It is used frequently
because the derivatives are easy to compute. Thus, the
objective function is:

K

Min) Y (of - 7). 8)

p k=1
The objective function for neural networks in equation (8)
appears to be similar to that in multiple linear regression.
Both techniques minimize the sum of the squared
differences between the observed and the predicted
values. The variables in both procedures are the weights.
However, the two procedures are quite different. The
predicted values are different functions of the weights. The
number of weights in multiple linear regression depends on
the number of input variables, whereas the number of
weights in neural networks depends on the number of:
input variables, hidden nodes, hidden layers, and output
nodes. The objective function in both the neural network
and multiple linear regression is an unconstrained
minimization problem. The special structure in the multiple
linear regression problem allows for the optimal set of
weights to be found through solving a system of normal

equations. lterative techniques are used to find the optimal
set of weights for a neural network. Each iteration is
considered a training period. By updating the weights, the
neural network is said to be learning.

Many techniques are available for solving unconstrained
minimization problems. These techniques include gradient
descent, the quasi-Newton techniques of conjugate
gradients and Davidon-Fletcher-Powell, the modified
Newton technique of Levenberg and Marquardt, stiff
differential equations, genetic optimization, and simulated
annealing. Historically, gradient descent has been applied
by the neural network community to solve equation (8). In
fact the name backpropagation refers to the process of
applying the chain rule of calculus to compute the error
gradient for each weight in the network. The error gradient
is used in updating the weights in gradient descent. The
error is said to be propagated backwards. Gradient descent
may be advantageous if the problem is implemented on a
parallel computer. However, most problems are
implemented on a serial computer, and gradient descent on
these machines has been abandoned by the optimization
community in favor of more sophisticated techniques. The
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difficulties of gradient descent are well documented. Sarle
(1994), Masters (1995), Bishop (1995), and Bazarra,
Sherali and Shetty (1993) all discuss the limitations of
gradient descent and are excellent references on the
conjugate gradient method, the Davidon-Fletcher-Powell,
and the Levenberg-Marquardt algorithm. Kollias and
Anastassiou (1988) discuss applying the Levenberg-
Marquardt algorithm to neural networks. Owens and Filken
(1989) saw the similarity between a system of stiff
differential equations and the gradient descent approach.
They claim that stiff differential equations provide a more
rapid and accurate convergence than either gradient
descent or conjugate gradient methods. Hassoun (1995)
provides an introduction to simulated annealing and genetic
optimization for neural networks. Masters (1995) is another
good introductory reference for simulated annealing in
neural networks. Another text by Masters (1993) provides
introductory material on both topics.

In selecting the technique to solve equation (8), the number
of weights must be taken into account. Sarle (1994)
recommends using the Levenberg-Marquardt algorithm for
networks with tens of weights, the Davidon-Fletcher-Powell
algorithm for networks with hundreds of weights, and the
conjugate gradient procedure for large problems with
thousands of weights. Most of the 24 subproblems were
solved using the Levenberg-Marquardt algorithm. These
subproblems had only tens of weights. The other two
techniques were tried on a few subproblems, but the value
of their objective functions was larger. Gradient descent
was also tried on several of the subproblems. It proved to
be a superior technique for only the response variable DI in
the first subgroup. The gradient descent algorithm was
user written in SAS/IML(SAS Institute Inc., 1989). The
other three algorithms are part of PROC NLP (SAS
Institute Inc., 1997) in SAS/OR. SAS had a Beta release
macro that was available in Release 6.10. This macro was
modified and used in this study. Updated SAS neural
network macros with a GUI interface are now part of the
SAS Data Mining Solution.

Several other issues relating to the implementation of the
neural network need to be discussed. First, the activation
function must be selected. The purpose of an activation
function is to induce nonlinearity into the network through a
nonlinear transformation. With a linear function, the output
is a weighted sum of the inputs. A squashing function is an
activation function that maps any real input into a bounded
range, usually between 0 and 1 or between -1 and 1. The
two most common squashing functions are the logistic
function and the hyperbolic tangent function. Other
functions may be used so long as they are differentiable.
Smooth activation functions decrease the training time.
Kalman and Kwasny (1992) argue that the hyperbolic
tangent function was the best of the sigmoidal functions.
Bishop (1995) states that the hyperbolic tangent function
often increases algorithm convergence over a logistic
function. The choice of an activation function may be
different at the output node. The range of the activation
function at the output node should correspond to the range
of the dependent variable. A categorical dependent
variable would have a different activation function than a
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continuous output variable. The output data for the
diameter increment problem were scaled. The hyperbolic
tangent function was used at both the hidden and output
layers. The logistic function was tried on some of the
subproblems and it did not provide a superior solution.

Second, there are two different philosophies concerning the
scaling of the independent and dependent variables. Some
believe that it is not necessary to scale the independent or
dependent variables. The size of the weights will make any
necessary adjustments. In the diameter increment problem,
the input and output variables were scaled to values that
correspond to the range of the squashing function.
Because the hyperbolic tangent function is used as the
squashing function, the continuous variables are scaled
between -0.9 and 0.9. The endpoints, -1 and 1, in the
range are not used because they correspond to the inputs
-0 and +oo, respectively. The class variables are first
broken into indicator variables and then scaled like the
continuous variables. The lowest value of the indicator
variable corresponds to -0.9 and the largest value
corresponds to 0.9.

Third, the selection of the initial weights is a major issue.
None of these techniques guarantee a global minimum.
The choice of initial weights can influence the quality of a
local solution. The initial weights in this project were
selected by random numbers. There are many heuristic
procedures for selecting the initial weights. One procedure
by Piovoso and Owens (1991) was tried on several
subproblems. In this procedure, the weights between the
input layer and the hidden layer are found by principal
component analysis. The weights between the hidden layer
and the output layer are found by multiple linear
regression. In this project, after trying several different
seeds, a random number generator always provided a set
of weights that found a lower value to the objective function
than the Piovoso and Owens procedure.

Fourth, the number of layers must be selected. Hornik,
Stinchcombe, and White (1989) showed that a neural
network with one hidden layer and an arbitrary squashing
function can approximate most functions. In practice, the
need for a second hidden layer occurs when a piecewise-
continuous function must be approximated. This condition
is not present in the diameter or basal-area growth
problem, so only one hidden layer was used.

Fifth, there are no equations or formulas for selecting the
optimal number of hidden nodes. Each situation is different.
Too many hidden units cause an inability to generalize and
the data are overfitted. Similarly, too few hidden nodes will
cause an underfitting of the data. An underfitted or an
overfitted model does not generalize well, that is, predict
accurate dependent or output variables from a new set of
independent or input variables. One way to control
generalization is through the selection of the number of
hidden units and their connections. This is model selection.
The simplest model selection technique is to determine the
optimal number of hidden nodes through experimentation.
Starting with one or two nodes, a solution is found. Another
node is added and the problem is reoptimized. This



process is repeated until the objective function value
begins to increase. The number of hidden nodes
corresponding to the minimal objective function value is
optimal. This procedure was used in the diameter
increment model. In most of the 24 problems, two hidden
nodes were optimal. An alternative is to start with a large
number of hidden nodes and gradually remove complete
hidden units or only remove selected connections. This is
pruning. Reed (1993) describes several pruning
procedures.

Sixth, in any iterative algorithm, a major issue is when to
stop. The error in the model data set monatonically
decreases as a function of the iteration number. The error
in the validation data set decreases and then increases as
the neural network starts to overfit. The algorithm is
terminated when the validation data set reaches its
minimum. This procedure is called stopped training.
Regularization procedures such as stopped training
improve generalization by controlling the size of the
weights. Other regularization procedures such as weight
decay, training with noise, and Bayesian estimation are
described by Bishop (1995). Stopped training was used in
this project.

COMPARISON STATISTICS

The statistics used to compare multiple linear regression
with neural networks for both the model and the validation
data set are R?, the mean of the squared errors (MSE), the
mean of the absolute errors (MAE), and the mean of the
arithmetic errors (ME). The ME indicates bias, whereas the
MSE and the MAE both indicate precision as well as bias.
The MAE is more robust and less sensitive to outliers than
the MSE.

RESULTS AND DISCUSSION

A comparison of the results between neural networks and
multiple linear regression for the ranked mean species
groups is presented in Tables 1 and 2. The overall results
were obtained by combining the response values and the
predicted response values for each of the six species
groups and forming one group. The appropriate statistics
are then calculated. Because the goal of a model is
generalization, the results for the validation data set are
more important than those for the model data set.

For the BAI models, all of the results are expressed as DI
using the translation:

(BAL+N-BAD _ | ...

DI(BA) = \/ K N ©)

where:
BA1 = tree basal area at time period 1, K « DBH1Z;
BAI = predicted basal-area increment;

N = number of years between measurements of the tree;

All of the statistics use DAI(BA) as the predicted diameter
increment for the basal-area models.

From the overall results for the response variable DI,
neural networks was superior. It had a slightly higher R?, a
slightly lower MAE, and a slightly lower MSE. For the
individual species groups for the response variable DI,
neural networks was superior for the NEFIA variables, but
the results were mixed for addition of BAL2. Still, neural
networks predominates. The ME was larger for the neural
network model as expected. An assumption of multiple
linear regression is that the expected value of the errors is
zero. Neural networks, on the other hand, is a
nonparametric procedure and the mean of the arithmetic
error will not necessarily be zero. The addition of the
variable BAL2 improved the results for both neural
networks and multiple linear regression. For the response
variable BAI, multiple linear regression more frequently
provided a superior solution than neural networks as
indicated by the R?, MAE, and MSE.

The software used in this study was the first beta version of
SAS'’s neural network macros. Later beta versions were
significantly enhanced. A subset of the 24 subproblems
was selected to access the impact of the new software on
the diameter increment prediction problem. The subset had
BAI as the response variable and NEFIA + BAL2 as the
independent variables. Neural networks had the most
difficulty with this subset. The results are in Table 3. With
the new macros, neural networks is the winner for the
model data set. The R? is higher for all species groups, and
the MAE and MSE are lower for most of the species
groups. However, the new macros did not improve the
results for the validation data set. Only the three smallest
species groups have a higher R? and a lower MAE in the
validation data set as compared with the results in Table 2.
Neural networks performed slightly worse for the third and
sixth species groups. The new macros did not significantly
alter the results; and so, it was decided not to pursue
modeling the remaining subgroups. Also other independent
variables from the King and Arner (1998) study were tried
on this subset of the 24 problems. They did not improve
the results.

Neural networks does not always outperform multiple linear
regression. This conclusion was also reached by Desai and
Bharati (1998). They found that for predicting excess
returns on large stocks, neural networks outperformed
multiple linear regression in periods of high volatility.
Otherwise, multiple linear regression was superior. These
results parallel a study by Markham and Rakes (1998).
Using computer generated data, Markam and Rakes
conclude that there is a significant interaction between
sample size and variance. Multiple linear regression
performs better for low-variance problems and neural
networks performs better for high-variance problems. The
results are mixed and dependent on sample size for
medium-variance problems. Neural networks was superior
for large sample sizes, and multiple linear regression was
superior for small sample sizes. One explanation of why
neural networks did not outperform multiple linear
regression in this project is that there is not enough
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Table 1—Comparison statistics for neural networks and mutiple linear regression for NEFIA variables

Sub- No. of
group trees NN REG NN REG NN REG NN REG
---------- e ¥ | = MAE MSE
DI response variable and model data set
1 257 0.0463 0.0449 -0.0051 0.0000 0.0334 0.0322 0.0017 0.0017
2 947 0.1099 0.0846  0.0004 0.0000 0.0409 0.0415 0.0027 0.0028
3 2489 0.1649 0.1568 0.0016 0.0000 0.0430 0.0434 0.0031 0.0032
4 2371 0.2359 0.2011  0.0019 0.0000 0.0541 0.0556 0.0049 0.0051
5 783 0.2449 0.2193 0.0004 0.0000 0.0557 0.0564 0.0050 0.0052
6 1876  0.2440 0.2116  0.0050 0.0000 0.0664 0.0689 0.0074 0.0077
All 8723 0.3731 0.3512 0.0020 0.0000 0.0517 0.0528 0.0046 0.0048
DI response variable and validation data set
1 97 0.0256 0.0011 -0.0020 0.0018 0.0335 0.0336 0.0017 0.0017
2 616 0.1106 0.0787  0.0011 0.0024 0.0419 0.0425 0.0029 0.0030
3 2417 0.1973 0.1832 0.0034 0.0001 0.0436 0.0436 0.0031 0.0031
4 2448 0.2262 0.1606  0.0013 0.0016  0.0544 0.0561 0.0049 0.0054
5 509 0.1184 0.1148 0.0105 0.0043 0.0620 0.0598 0.0062 0.0062
6 1864 0.2334 0.2015 0.0044 -0.0021 0.0686 0.0700 0.0077 0.0081
All 7951 0.3521 0.3216 0.0032 0.0005 0.0537 0.0545 0.0049 0.0051
BAI response variable and model data set
1 257 0.2481 0.2349 -0.0011 0.0011  0.0293 0.0288 0.0013 0.0013
2 947 0.2806 0.3155 0.0029 0.0004 0.0366 0.0359 0.0022 0.0021
3 2489 0.4005 0.3704 -0.0003 0.0012 0.0366 0.0374 0.0022 0.0024
4 2371 0.4679 0.4706  0.0007 0.0010 0.0456 0.0452 0.0034 0.0034
5 783 04371 0.4734 -0.0044 0.0021  0.0491 0.0464 0.0037 0.0035
6 1876  0.4353 0.5127 -0.0181 0.0022 0.0607 0.0540 0.0055 0.0048
All 8723 0.5418 0.5647 -0.0039 0.0013 0.0451 0.0435 0.0034 0.0032
BAI response variable and validation data set

1 97 0.1311 0.2036  0.0097 0.0022  0.0301 0.0300 0.0015 0.0014
2 616 0.3248 0.3153 -0.0043 0.0029 0.0374 0.0368 0.0022 0.0022
3 2417 0.3848 0.3921  0.0036 0.0168 0.0373 0.0373 0.0023 0.0023
4 2448  0.4539 0.4495 0.0018 0.0018 0.0455 0.0455 0.0035 0.0035
5 509 0.3751 0.4008 0.0051 0.0027 0.0508 0.0497 0.0044 0.0042
6 1864 0.4221 0.5143 0.0110 0.0014 0.0594 0.0551 0.0058 0.0049
All 7951 0.5222 0.5518 0.0044 0.0018 0.0458 0.0447 0.0036 0.0034

variability in the data. Another explanation is that the
relationship between BAI and the independent variables is
linear. In this situation, a neural network can not outperform
a linear model.

CONCLUSIONS

Neither neural networks nor the multiple linear regression
significantly outperformed the other technique. Neural
networks followed the same trend as multiple linear
regression. All of the statistics indicate significant
improvement by using the response variable BAI instead of
DI. The addition of the variable BAL2 also improved slightly
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both models as indicated by the statistics. King and Arner
(1998) found that the addition or substitution of other
variables had little impact on the model.

There is contradictory information in books and journals on
neural networks. There is no consensus on the selection of
the initial weights, model selection, regularization, and
scaling of input and output variables. An effort has been
made to try new architectures on a subset of the 24 models
as they become available in SAS.



Table 2—Comparison statistics for neural networks and multiple linear regression for NEFIA

variables + BAL2

Sub- No. of
group trees NN REG NN REG NN REG NN REG
R? ME------=--=  —memeee MAE MSE
DI response variable and model data set
1 257 0.0702 0.0671 -0.0003 0.0000 0.0323 0.0324 0.0016 0.0016
2 947  0.1476  0.1200 0.0002 0.0000 0.0397 0.0405 0.0026 0.0026
3 2489  0.1933 0.1925 0.0044 0.0000 0.0419 0.0425 0.0030 0.0030
4 2371 0.2649 0.2311  0.0011 0.0000 0.0529 0.0548 0.0469 0.0049
5 783 0.2696 0.2628 -0.0026 0.0000 0.0553 0.0550 0.0048 0.0049
6 1876  0.3198 0.2882  0.0017 0.0000 0.0628 0.0652 0.0067 0.0070
All 8723 0.4097 0.3907 0.0017 0.0000 0.0501 0.0513 0.0043 0.0045
DI response variable and validation data set
1 97 0.0357 0.0515 0.0012 0.0014 0.0334 0.0330 0.0016 0.0016
2 616 0.1355 0.1231  0.0030 0.0010 0.0412 0.0413 0.0028 0.0028
3 2417 0.2076 0.2186 0.0092 -0.0001 0.0436 0.0426 0.0030 0.0030
4 2448 0.2241 0.1964 0.0015 0.0009 0.0547 0.0552 0.0049 0.0051
5 509 0.1578 0.1590 0.0064 0.0023 0.0594 0.0585 0.0059 0.0059
6 1864 0.2895 0.2672 0.0063 -0.0008 0.0664 0.0671 0.0072 0.0074
All 7951 0.3739 0.3612 0.0054 0.0003 0.0531 0.0530 0.0047 0.0048
BAI response variable and model data set
1 257 0.2426 0.2549 -0.0037 0.0012 0.0300 0.0287 0.0013 0.0013
2 947 0.3350 0.3391  0.0020 0.0005 0.0351 0.0352 0.0020 0.0020
3 2489 0.4005 0.3876 -0.0003 0.0013 0.0366 0.0369 0.0022 0.0023
4 2371 0.4811 0.4782  0.0006 0.0012 0.0451 0.0452 0.0033 0.0033
5 783 0.4895 0.4914  0.0005 0.0023  0.0457 0.0455 0.0034 0.0034
6 1876 0.5282 0.5355 -0.0120 0.0027 0.0548 0.0528 0.0046 0.0046
All 8723 0.5782 0.5782 -0.0023 0.0016  0.0433 0.0429 0.0031 0.0031
BAI response variable and validation data set

1 97 0.1623 0.2342  0.0093 0.0018 0.0296 0.0296 0.0014 0.0013
2 616 0.3599 0.3449 -0.0012 0.0016  0.0357 0.0359 0.0021 0.0021
3 2417 0.3848 0.4048 0.0036 0.0018 0.0373 0.0372 0.0023 0.0023
4 2448 0.4658 0.4619 0.0003 0.0013 0.0454 0.0454 0.0034 0.0034
5 509 0.4098 0.4161 0.0033 0.0019 0.0495 0.0494 0.0041 0.0041
6 1864 0.4655 0.5294 0.0171 0.0026  0.0566 0.0546 0.0054 0.0048
All 7951 0.5416 0.5634 0.0054 0.0019 0.0449 0.0444 0.0035 0.0033

This work represents another step in evaluating the power
of neural networks. Finding a ‘good’ set of initial weights

can be a time consuming process, and some thought must techniques.

be given to the frequency of use and the required
precision of the final model before abandoning traditional
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Table 3—Comparison statistics for neural networks and multiple linear regression for DEFIA + BAL2

variables using an updated version of SAS macros

Sub- No. of
group trees NN REG NN REG NN REG NN REG
---------- [ e ¥ | = MAE MSE
BAI response variable and response data set
1 257 0.4828 0.2549 0.0010 0.0012 0.0229 0.0287 0.0009 0.0013
2 947 0.4104 0.3391 0.0022 0.0005 0.0330 0.0352 0.0018 0.0020
3 2489 0.4022 0.3876 0.0013 0.0013 0.0363 0.0369 0.0022 0.0023
4 2371 0.5030 0.4782 0.0018 0.0012 0.0436 0.0452 0.0032 0.0033
5 783 0.4932 0.4914 -0.0005 0.0023  0.0459 0.0455 0.0034 0.0034
6 1876 0.5634 0.5355 -0.0012 0.0027 0.0513 0.0528 0.0043 0.0046
All 8723 0.5991 0.5782  0.0008 0.0016  0.0416 0.0429 0.0029 0.0031
BAI response variable and validation data set
1 97 0.1964 0.2342 0.0094 0.0018 0.0278 0.0296 0.0014 0.0013
2 616 0.3665 0.3449 0.0030 0.0016  0.0349 0.0359 0.0021 0.0021
3 2417 0.3813 0.4048 0.0013 0.0018 0.0378 0.0372 0.0024 0.0023
4 2448 0.4659 0.4619 -0.0013 0.0013 0.0451 0.0454 0.0034 0.0034
5 509 0.4121 0.4161 0.0007 0.0019 0.0495 0.0494 0.0041 0.0041
6 1864 0.4619 0.5294  0.0247 0.0026  0.0555 0.0546 0.0054 0.0048
All 7951 0.5403 0.5634 0.0062 0.0019 0.0446 0.0444 0.0035 0.0033
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AUTUMN ROOSTING HABITAT OF MALE INDIANA BATS ( MYOTIS SODALIS) IN A
MANAGED FOREST SETTING IN KENTUCKY

John R. MacGregor !, James D. Kiser, Mark W. Gumbert, and Timothy O. Reed

Abstract— In early October 1996 and in late August and
late September 1997, during the autumn pre-hibernation
swarming period, a total of 22 male Indiana bats (Myotis
sodalis) were captured by the use of a portable harp trap at
the entrance to a cave hibernaculum located on the Daniel
Boone National Forest in Pulaski County, Kentucky. Each
bat was fitted in the field with a lightweight (0.52 g)
transmitter (Holohil Systems Ltd, model LB-2) attached
between the scapulae with surgical adhesive (Skin-bond),
released at the point of capture within 4 hours after being
caught, and subsequently tracked daily to roost trees by
the use of a three-element Yagi antenna and receiver
(Wildlife Materials, Model TRX-1000), during daylight
hours, until its transmitter failed or it entered the
hibernaculum for the winter. Each roost tree that was used
by a transmittered Indiana bat was marked in the field with
paint and/or plastic flagging and its location was plotted on
a topographic map. Information that was collected for each
tree included tree species, condition (live/dead), diameter
at breast height (dbh), and (if available) the past
management of the stand in which the tree was located.
During 1997, percent canopy closure was measured at
each roost tree by means of a concave spherical
densiometer (Robert E Lemmon Forest Densiometers,
Model-C). Habitat use in response to past management
was evaluated by: (a) defining the analysis area to include
all land (5740 ha) located within the smallest circle that
could be drawn, with the bat hibernaculum as the center,
that would include all known roost trees (N = 102); (b)
determining the relative proportions of each type of
managed habitat available to the bats within the analysis
area; and (c) comparing habitat use versus availability with
respect to past management practices that had taken place
within each stand where known roost trees were located.
The analysis area as defined above was virtually 100
percent forested, with various oak-pine, oak, yellow pine,
and pine-oak forest types on the ridgetops and upper
slopes and cove hardwood forest types on the lower slopes
and in the stream valleys. Nearly 74 percent (4001 ha) of
the analysis area was in public ownership (U. S. Forest
Service); the remaining 26 percent (1445 ha) was privately
owned. An impounded section of the Cumberland River,
forming a 294 ha strip which extended through the northern
portion of the circle, was excluded from the analysis.

During both years combined, roosting Indiana bats were
located a total of 212 times in 102 different roost trees.
Dead trees (snags) accounted for 86 percent (N = 88) of all

L wildlife Biologist, USFS Daniel Boone National Forest.

roost trees found and 92 percent (N = 194) of all bat days
(each day that a bat was tracked to a roost tree was defined
as 1 bat day regardless of whether or not a bat had
previously been found roosting in that particular tree); live
trees accounted for 14 percent of all roost trees (N = 14)
and 8 percent of all bat days (N = 18). Although Indiana
bats were found roosting in 13 species of trees, the majority
of these (79 percent) were pines (Pinus sp.) and oaks
(Quercus spp.). Pine snags made up 43 percent of all roost
trees (N = 44) and nearly 50 percent of all bat days (N =
105); no bats were found roosting in live pines. Oak snags
(N = 25) and living oaks (N = 12) comprised 36 percent of
the roost tree sample and 27 percent (N = 57) of all bat
days. The most frequently used roost tree species were
shortleaf pine, Pinus echinata (33 roost trees, 83 bat days),
Virginia pine (P. virginiana) (11 roost trees, 21 bat days),
scarlet oak, Quercus coccinea (15 roost trees, 19 bat days),
and white oak, Q. alba (12 roost trees, 16 bat days).

Roost trees used by male Indiana bats during this study
ranged in size from 8.4 cm to 86.6 cm (mean = 30.8 cm)
dbh. Although no evening emergence counts were
conducted at the individual trees, 3 different snags (2
shortleaf pines, 1 hardwood) were used simultaneously by
2 transmittered bats on a total of 8 different days, and 1
shortleaf pine snag was used simultaneously by 3
transmittered bats on 2 different days a week apart.
Another shortleaf pine snag was used by different
transmittered bats during successive years. These
observations indicate that certain trees may be locally
important as autumn roosting sites to Indiana bats that
hibernate in nearby caves.

Roost tree switching was frequent for most individual
Indiana bats that were monitored. In 1996, 10 bats used 1-
8 different roost trees each during the 1-18 days that they
were found, switching roosts a total of 46 times (including
some returns to previously used trees) at an average of
once every 2.0 days. In 1997, 12 bats used 2-11 roost
trees each during 4-15 days of tracking, changing trees a
total of 75 times for an average of once every 1.6 days.
Several switched roost trees virtually every day, while
others returned repeatedly to 2 or 3 particular trees.
Although frequent roost tree switching was normal for most
bats, in many cases all of the trees used by any individual
Indiana bat during its tracking period were relatively close
to one another. For the 20 bats that were found 4 times or
more during both years combined, distances between roost
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trees ranged from 48 m to 2688 m, and the area of the
smallest circle that could be drawn to include all roost trees
used by an individual bat ranged from 0.4 ha to 568 ha.
The most sedentary Indiana bats (N = 6) used 2-7 different
roost trees each within a total area of 4.5 ha or less; an
additional set of bats (N = 11) used 3-11 different roost
trees each within a total area of 10 ha to 105 ha; and the
most nomadic bats (N = 3) used 3-5 roost trees scattered
over areas ranging from 518 ha to 568 ha. There did not
appear to be any direct relationship between the number of
times that a bat was found during a tracking period and the
total area within which all of its documented roost trees
were located.

As measured from the ground, canopy closure (cc) at all
roost trees (N = 70) used by transmittered Indiana bats
during the 1997 fall season ranged from 20 percent to 93
percent (mean = 80 percent), with 19 trees (34 bat days)
located in fairly open canopy forest (<60 percent cc), 17
trees (27 bat days) in an intermediate canopy range (60-80
percent cc), and 34 trees (61 bat days) in closed canopy
situations (>80 percent cc). Since most of the bats were
roosting beneath loose bark in the upper portions of snags,
however, there was no reasonable method available which
would allow canopy closure to be measured at the actual
roosts. An attempt was made to remedy this situation by
using only the most open measurement that was made at
each roost tree. This resulted in a canopy closure range
from O percent (for roost trees located at the edges of large
openings) to 92 percent, with 44 bat days spent in open
canopy roosts (<60 percent cc), 35 bat days in
intermediate canopy roosts (60-80 percent cc), and 43 bat
days in closed canopy roosts (>80 percent cc).

Two separate tracts within the study area had been
managed under a prescribed burning regime designed to
control hardwood regeneration and maintain an open forest
dominated by shortleaf pine - conditions geared toward the
restoration of habitat for the federal endangered red-
cockaded woodpecker (Picoides borealis). These tracts
totaled 8 percent (436 ha) of the total amount of habitat
within the analysis area, and harbored 12 of the 102
Indiana bat roost trees that were documented during both
years combined. Roost tree use in prescribed burns (6 of
33 roost trees) was double the expected level (based upon
the total amount of that habitat type available) during the
1996 tracking period, and equal to the expected level (6 of
70 roost trees) during the 1997 tracking period.

Although 26 percent (1445 ha) of the potential Indiana bat
habitat within the study area was under private ownership,
nearly all (100 of 102) of the roost trees documented were
on National Forest System lands, some of which included

stands where some form of timber management had taken
place in recent years. During the 1996 and 1997 fall
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telemetry periods, approximately 17 percent of the study
area (897 ha) that had been clearcut during the past 35
years yielded 0 roost trees and 0 bat days during both
years combined; this was much lower than the expected
level of use (16 roost trees, 35 bat days) based upon the
total amount of that habitat available. Forested habitat
which had not been actively managed during the past 50
years made up 44 percent of the study area (2367 ha) in
1996 and harbored 28 roost trees with 82 bat days of use
as compared to an expected 15 roost trees and 39 bat
days; this habitat was thus used at about twice the
expected level based on its availability. This habitat type
covered about 42 percent (2299 ha) of the study area in
1997, yielding 47 roost trees and 76 bat days, about 1.5
times the expected 30 roost trees and 51 bat days. Two-
age shelterwood cuts (harvested during the past 5 years)
and high-graded stands (up to 10 years old) comprised
about 2.6 percent of the study area (143 ha) in 1996 and
held 5 Indiana bat roost trees with 8 bat days of use, 4-5
times the expected level based on availability. In 1997,
additional 2-age shelterwood cutting had increased the
proportion of this habitat type to nearly 4 percent of the
study area (211 ha), with 18 roost trees and 36 bat days
documented here (6-7 times the expected levels). During
both years combined, uninventoried habitats (including
privately-held tracts and portions of a designated Forest
Service wilderness) made up about 37 percent of the study
area (2039 ha) and harbored 5 documented roost trees (of
38 expected) and 10 bat days (of 80 expected).

Although the total proportion of the study area that had
been recently managed by the use of the 2-age
shelterwood harvest method was too small to allow for a
statistical verification of these preliminary results (i.e. that
Indiana bats may actually be selecting this habitat type for
roosting), some additional observations made during this
telemetry study appear appropriate for this presentation.
Stands that were harvested by the 2-age shelterwood
method from 1993-1995, under Daniel Boone National
Forest guidelines that called for the retention of 40 live trees
and 5 snags/ha (16 live trees and 2 snags/acre), yielded 1
documented Indiana bat roost tree and 1 bat day during
both years combined - slightly below expected levels of use.
Stands that were harvested by the 2-age shelterwood
method from 1996-1997, however, under different
guidelines that called for the retention of 40 live trees/ha
and additionally all snags, shagbark hickories, hollow trees,
and trees with large dead limbs, harbored 15 Indiana bat
roost trees and 27 bat days - well above expected levels of
use. These observations and results suggest that timber
harvesting by the 2-age shelterwood method, in concert
with the retention of good numbers of snags and other
suitable types of roost trees, can provide favorable roosting
conditions for male Indiana bats during the autumn pre-
hibernation period, at least over the short term.



FORAGING BEHAVIOR AND HABITAT USE OF RED BATS IN MIXED MESOPHYTIC

FORESTS OF THE CUMBERLAND PLATEAU, KENTUCKY

Jeffrey T. Hutchinson and Michael J. Lacki 1

Abstract —Although the red bat (Lasiurus borealis) is a common forest-dwelling bat, limited information is available on the
foraging requirements and habitat use of this species. We radiotracked red bats on the Cumberland Plateau in eastern
Kentucky during July and August 1996, and May, July and August 1997. We estimated size of foraging areas and evaluated
use of habitats available within foraging areas. We placed transmitters on 10 females and nine males. Size of foraging
areas ranged from 113 to 850 hectares for females, and 134 to 925 hectares for males; however, most radiotagged males
moved considerable distances among nights and changed foraging areas frequently. Size of foraging areas and commuting
distance varied temporally, with bats exhibiting slightly larger foraging areas and longer commuting distances in late
summer compared to early summer. The maximum distance bats were recorded foraging away from the day roost ranged
from 1.2 to 5.5 kilometers for females, and 1.4 to 7.4 kilometers for males. Red bats were located in non-forested habitats
and aquatic habitats at proportions slightly higher than the availability of these habitats. The red bat appears to be a
generalist species that can tolerate a range of habitat conditions, foraging temporally and spatially over many habitats.

INTRODUCTION

Although bats represent a large percentage of the
mammals in deciduous forests (Barbour and Davis 1969)
and account for 25 percent of all mammal species
(Altringham 1996), the importance of bats as part of forest
ecosystems in North America only recently has received
much attention (Barclay and Brigham 1996). Studies on
the ecology of bats in forests in western North America
have been completed (Brigham and others 1997, Grindal
and Brigham 1998, Kalcounis and Brigham 1998,
Ormsbee and McComb 1998, Rabe and others 1998), but
data for only a few species of bats in eastern North
America exist (Krusic and others 1996). Most studies
emphasize threatened and endangered species,
particularly bats that roost in caves during all or part of the
year (e.g., Adam and others 1994, Humphrey and others
1977, Tuttle 1979).

Despite the general longevity (Paradiso and Greenhall
1967) and early sexual maturity (Tuttle and Stevenson
1982) of insectivorous bats in North America, most species
are monestrous and raise only one young per year (Hill
and Smith 1984). An exception to this general rule are the
tree-dwelling bats of the genus Lasiurus that have litters of
usually 3-4 young (Barbour and Davis 1969, Constantine
1966, Mumford 1973). The alteration of significant amounts
of forest habitat could impact populations of tree-dwelling
bats to where bats presumed to be common, such as the
red bat (Lasiurus borealis), become imperiled. Red bats
are known to roost and forage in habitats such as open
fields or urban areas (Constantine 1966, Mumford 1973);
however, research has not addressed foraging
requirements of red bats in areas where large, contiguous
tracts of forest exist. The objectives of this study were to
determine the location, size, and habitat of foraging areas
used by red bats.

1 Department of Forestry, University of Kentucky, Lexington, KY 40546-0073.

METHODS

Description of Study Areas

Research took place in the Cumberland Plateau
physiographic province in eastern Kentucky. The region
covers ca. 28,500 square kilometers consisting of rugged,
forested terrain, locally interspersed with sandstone cliffs
(McGrain 1983). Research was conducted in the
northeastern portion of the Cumberland province in Carter
and Elliott counties (NCP), and in the southeastern corner
of the province in Breathitt, Knott, and Perry counties
(SCP). Forests in both areas are classified as mixed
mesophytic forest (Braun 1950). Research sites represent
mature, second-growth forest that largely was undisturbed
by silvicultural activities and contained mature stands of
timber (i.e., an average d.b.h. = 25.4 centimeters; Personal
communication. 1996. Paul Kalisz, Professor of Silviculture,
University of Kentucky, Lexington, KY 40546-0073).

In NCP large tracts of unbroken mature, second-growth
forest, 400 to 3,200 meters wide and 8 to 20 kilometers
long, were present along tributaries that run into the Little
Sandy River or Grayson Lake. Grayson Wildlife
Management Area, adjacent to Grayson Lake, consisted of
4,190 hectares and supported a large contiguous tract of
mature, second-growth forest. Upland areas of fragmented
forest, agricultural lands, pastures, and residential areas
surrounded the forested-tributaries and Grayson Wildlife
Management Area. Dominant forest vegetation in the area
consisted of yellow-poplar (Liriodendron tulipifera), black
walnut (Juglans nigra), and white oak (Quercus alba) on
the north and east slopes (Weisenberger and others 1965).
Black oak (Q. velutina) scarlet oak (Q. coccinea), and
hickories (Carya spp.) dominated the south and west
slopes, and chestnut oak (Q. prinus), scarlet oak, and
patches of shortleaf (Pinus echinata) and pitch (P. rigida)
pine were common on the upper slopes and ridges
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(Weisenberger and others 1965). Mesic and riparian
vegetation of the lower slopes and creek bottoms was
dominated by American beech (Fagus grandifolia), eastern
hemlock (Tsuga canadensis), American sycamore
(Platanus occidentalis), sweet birch (Betula lenta), and
thickets of rhododendron (Rhododendron maximum).

Robinson Forest, located in the southeastern portion of the
Cumberland Plateau physiographic province (SCP), is a
5,984-hectare tract of mature, second-growth forest 70 to
80 years old, with occasional wildlife clearings 1 to 2
hectares in size (Overstreet 1984). The area surrounding
Robinson Forest was almost entirely surface-mined land;
thus, Robinson Forest, served as an island of forest
enclosed within a disturbed landscape. Dominant tree
species included yellow-poplar, scarlet oak, white oak,
black oak, American beech, chestnut oak, northern red oak
(Quercus rubra), mockernut hickory (Carya tomentosa),
eastern hemlock, American sycamore, and pitch pine
(Overstreet 1984). Upland and ridge tops were dominated
by oaks, hickories, and pines. Mesic and riparian
vegetation consisted primarily of American beech,
American sycamore, eastern hemlock, and white oak.

Capture and Handling Procedures

Mist nets, 5.5 or 9.1 meters wide, were placed across
streams, trails, road-rut ponds, and small upland ponds to
capture red bats. Bats were removed from the net, their
age, sex and reproductive condition was determined, and
they were weighed to the nearest 0.5 gram. Age was
determined based on the time of year and the closure of
the cartilaginous, epiphyseal growth plates in the finger
bones (Anthony 1988).

Radiotransmitters (Type LB-2, 172-173 megahertz, Holohil
Syst., Ontario, Canada) weighing 0.51 gram, with whip
antennae 17.5 centimeters in length, were placed on 19
red bats (10 females and nine males). Radiotransmitters
were attached using surgical cement between the scapulae
on the upper back of the bat. A small section of hair was
clipped between the scapulae to ensure proper bonding
between the transmitter and the skin, and to lengthen the
period that the transmiter remained on the bat. Each bat
was held with the transmitter in place for ca. 5 minutes until
the cement hardened before being released. Radiotagged
bats were monitored continuously for 30 minutes following
release to insure that each bat was able to fly properly and
to identify any complications.

Radiotelemetry Procedures

Red bats were tracked in the NCP in July and August in
1996 and 1997, and in the SCP in May and August 1997.
Telemetry stations were established at various high points
in close proximity, i.e., 400 to 1,000 meters, to diurnal roost
sites. Field personnel, equipped with a TRX 1000s receiver
(Wildlife Materials, Inc., Carbondale, IL), a 3-element yagi
antenna, and a compass, maintained contact using two-
way radios. Once field personnel located a signal, azimuths
were obtained simultaneously from stations at 2- to 3-
minute intervals until either the bat perched in a night roost
or the signal was lost. Azimuths were taken simultaneously
from two or three stations, depending on the location of the
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bat and the movement of personnel to alternate stations to
improve signal reception. Azimuths were plotted
immediately at a base station on laminated 7.5-minute
topographic maps to determine the location of a bat.

Data Analyses

A minimum of 40 locational crosses was used to calculate
a foraging area estimate of a bat, as size of foraging areas
of red bats was not found to increase beyond this sample
size (Hutchinson 1998). The Calhome Software package
(Kie and others 1996) was used to analyze spatial
resolution on bat foraging locations, with estimates of
foraging area size calculated using the adaptive kernel
method. We used the adaptive kernel method because it is
a nonparametric technique suitable for smaller sample
sizes, does not require the assumption of normality, and is
robust to changes in spatial resolution (Hansteen and
others 1997). The adaptive kernel method calculates the
size of a foraging area based on the intensities of
locational crosses within areas, and is less biased by
outliers than other existing methods (Worton 1989).

Habitat use and availability were determined by placing
foraging area polygons and locational crosses over 7.5-
minute topographic maps. Habitats were grouped into the
following categories: forested habitat, non-forested habitat,
such as clearings, agricultural land and human
development, and aquatic habitat, including streams, ponds
and lakes. The percentage of each habitat available and
the number of radiolocations in each habitat was
determined within the foraging area of each red bat for
which = 40 locational crosses were obtained.

Statistical summaries are based on the mean and standard
error of the mean. All statistical tests were made using the
Mann-Whitney U test (Hollander and Wolfe 1973).

RESULTS

The mean body mass of radiotagged adults was 12.9 +
0.59 (SE) grams, while juveniles averaged 9.83 + 0.60 (SE)
grams (table 1). Body mass of adult females (14.1 + 0.68
(SE) grams) was significantly greater (U = 2.0; P = 0.006)
than for adult males (10.9 + 0.40 (SE) grams). Three
radiotagged females were pregnant, and two other adult
females were in various stages of lactation. Female #606
roosted with two non-volant young, and female #745
roosted with two volant young. The post-lactating female
(#745) was observed on several occasions leaving the
roost shortly after her young emerged. Four males had
descended testes, and the remaining bats showed no sign
of reproductive activity.

No radiotagged adult red bats appeared to exhibit difficulty
with flight after release. Commonly, radiotagged bats flew a
short distance (ca. 50 to 100 meters) from the processing
station to roost, and remained for 5 to 20 minutes. The bats
probably were adjusting to the handling process and the
added burden of the transmitter. After the initial adjustment
period, the bats exhibited normal foraging habits and often
foraged until we left the study area for the night, usually
around 0100 hours. Twelve bats were radiotracked for a



Table 1—Sex, age, body mass, reproductive status, and tracking success of radiotagged

red bats

Bat Date of No.
no. Sex Age Mass Status attachment locations

g

389 F A 14.5 Not active 7/09/97 120
430 F A 13.5 Not active 7121/97 46
432 M A 11.0 Testes 7125197 59
451 M J 11.0 Not active 8/05/97 0
504 F A 15.0 Not active 8/11/97 24
521 M A 11.0 Not active 8/11/97 0
546 F A 11.0 Not active 8/12/97 74
575 F A 11.5 Not active 8/12/97 54
606 F A 145 Lactating 7111/96 123
6222 M J 9.5 Not active 7124196 0
6452 M J 9.0 Not active 7124/96 0
6222 M A 12.5 Testes 7/30/96 0
6452 M A 10.5 Testes 8/06/96 49
745 F A 125 Post-lactating 8/09/96 40
845 M A 11.0 Testes 8/09/96 0
883 M A 9.5 Not active 5/20/97 41
944 F A 14.0 Pregnant 5/20/97 66
963 F A 16.5 Pregnant 5/20/97 53
984 F A 18.0 Pregnant 5/20/97 46

2ndicates transmitter used on > 1 red bat.

sufficient period (Mean = 7.75 nights) to obtain an estimate
of foraging area size.

Eighty-two percent of the azimuths resulted in locational
crosses. Adult females, particularly those that were
pregnant, lactating or post-lactating, were easier to monitor
than adult males and often used the same foraging area for
five to 12 nights (table 2). If a bat remained in the area, we
usually observed little variation in the location of crosses
obtained after the first three to four nights. Female bats
that were not reproductively active exhibited foraging
patterns more typical of adult males. All red bats were
difficult to monitor in August.

The shape of foraging areas typically was bivariate and
there was substantial overlap in the foraging areas (fig. 1).
The foraging areas of bats contained their diurnal roost
sites in all but one instance (#645) and most foraging areas
included a permanent water source. Two bats (#606, #645)
had foraging areas that were transected by secondary or
major roadways and the foraging areas of all bats
contained either forested trails or seldom used gravel or
paved roads. Bats #645 and #430 each had two distinct
foraging areas, separated by distances of 4 kilometers and
ca. 75 meters, respectively.

The overall size of foraging areas of red bats, pooling
females and males, was 334 + 82.1 (SE) hectares (table
2). No difference (U = 11.0; P = 0.29) was observed in the

mean size of foraging areas for bats in the NCP and the
SCP. Males (Mean = 450 + 242 (SE) hectares) used a
foraging area almost 1.5 x larger than females (Mean =
295 + 82.1 (SE) hectares), but this difference was not
significant (U = 9.0; P = 0.46).

Reproductively active females had a mean foraging area
size of 176 + 28.0 (SE) hectares compared with a mean
foraging area size for non-reproductive females of 444 +
161 (SE) hectares, but the difference was not significant (U
=5.0; P = 0.20). During late summer, foraging areas of
females appeared to increase (table 2). Although females
remained in the proximity of their diurnal roost sites in late
summer, they occasionally made forays out of the range of
receivers. These females, all non-reproductive, usually
returned within 45 minutes.

The maximum distance that bats were recorded foraging
away from the day roost ranged from 1.2 to 5.5 kilometers
for females, and 1.4 to 7.4 kilometers for males (table 2).
Bats traveled somewhat further to foraging sites in the NCP
than the SCP. When the distance traveled by red bats was
examined temporally, bats monitored in late summer
(August) were detected an average of 5.02 kilometers from
the roost, whereas remaining bats traveled an average of
1.55 kilometers from the roost.

The foraging area polygons of red bats consisted of 87.2
percent forested habitat, 11.8 percent non-forested areas,
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Table 2—Estimates of foraging area size and maximum
distances traveled from day roosts of radiotagged red bats®

Bat Study Days Foraging Maximum
no. area monitored area distance
Ha Km
389 NCP 12 193 14
430 NCP 2 179 1.3
432 NCP 4 291 2.7
606 NCP 12 262 1.7
645 NCP 8 925 7.4
745 NCP 7 120 55
546 SCP 6 554 3.3
575 SCP 9 850 3.9
883 SCP 9 134 1.4
944 SCP 10 116 1.2
963 SCP 6 113 1.2
984 SCP 8 192 1.5

2Includes only bats for which > 40 locational crosses were
obtained.

and 1.0 percent aquatic habitat (table 3). The bats were
recorded foraging over forested habitat 78.3 percent of the
time, non-forested areas 16.0 percent of the time, and
aquatic habitat 5.7 percent of the time. In the NCP where
the landscape was more fragmented, 76.8 percent of the
foraging area of red bats was forested and bats spent 68.6
percent of their foraging time over those habitats. The total
foraging area of red bats in the SCP was 97.5 percent
forested habitats and the bats used these areas 88.0
percent of the time. Aquatic habitats accounted for < 1
percent of the total habitat within all foraging areas of red
bats, yet accounted for 5.0 percent and 6.5 percent of the
foraging locations of bats in the NCP and SCP,
respectively.

DISCUSSION

The characteristics of the landscape appeared to dictate
the habitats that red bats used as foraging habitat.
Although forested habitat predominated in both study
areas, red bats also used other habitats such as grazing
lands, agricultural fields, cemeteries, street lights and other
human residential areas, especially in the more fragmented
NCP. These data are consistent with those obtained for red
bats in other locations where this species was frequently
detected foraging in non-forested habitat (Hickey and
Fenton 1990; Hickey and others 1996; McCracken and
others 1997).

Clemons Fork

Creek
l I
| 1000 m |
* = Fire Tower
A = Camp Robinson
#883
#944
#963
#984

Figure 1—Foraging area polygons for four radiotagged red bats showing overlap in use of available habitat.
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Table 3—Comparison of habitat available within foraging area polygons to the
percentage of locational crosses by habitat (in parentheses) of radiotagged red bats

in eastern Kentucky?®

Bat Study Forested Non-forested Aquatic®
no. area habitat habitat habitat
----------------- Percent----------------

389 NCP 99.0 (95.8) 0.0 (1.7) 1.0 (2.5)
430 NCP 79.0 (56.5) 20.0(36.9) 1.0 (6.6)
432 NCP 90.0 (67.8) 9.0(30.5) 1.0 (1.7)
606 NCP 64.0 (57.7) 35.0(36.6) 1.0 (5.7)
645 NCP 76.0 (71.4) 23.0(20.4) 1.0 (8.2)
745 NCP 53.0 (62.5) 46.0 (32.5) 1.0 (5.0)
546 SCP 98.0 (92.0) 1.0 (4.0) 1.0 (4.0)
575 SCP 98.0 (87.0) 1.0 (3.7) 1.0 (9.3)
883 SCP 98.0 (92.7) 1.0 (4.9 1.0 (2.4)
944 SCP 95.0 (75.8) 4.0 (16.7) 1.0 (7.5)
963 SCP 98.0 (86.8) 1.0 (1.9 1.0(11.3)
984 SCP 98.0 (93.5) 1.0 (2.2 1.0 (4.3)

#Includes only bats for which = 40 locational crosses were obtained.

b Availability of water in foraging area estimated to be < 1.0 percent for all red bats monitored.

Because red bats selectively foraged over water at
proportions greater than the availability of this habitat in the
landscape, a source of permanent water in the vicinity of
roosting sites of red bats apparently is important. However,
in the NCP where large bodies of water were present, i.e.,
Grayson Lake and the Little Sandy River, red bats were
seldom detected foraging over these sites. The majority of
locational crosses of red bats over water occurred while the
bats were foraging over small streams during the first 30 to
45 minutes after emergence. Mumford and Whitaker (1982)
reported that red bats needed bodies of water for drinking
and observed this species foraging over small pools of
water ca. 1.2 x 1.8 meters in size and as shallow as 2.5
centimeters in depth. A small permanent source of water
transected the foraging areas of all but two of the red bats
monitored.

Despite their use of aquatic and non-forested habitats, red
bats foraged in forested habitat more often than the other
habitats available, but used forests at proportions less than
their availability in the landscape. This was especially true
for bats in the SCP where large disturbed habitats in the
form of reclaimed strip mines and numerous upland ponds
were nearby, but were never used as foraging areas.
Instead, red bats remained in contiguous forest almost 90
percent of the time. Barclay (1984) observed similar
patterns for red bats in Manitoba. He found that red bats
used forested ridges 75 percent of the time they were
foraging and spent much less time foraging in the other
habitats.

We observed substantially larger foraging areas of red bats
than previously reported (Hickey and Fenton 1990;
McCracken and others 1997). In these studies, red bats

centered their foraging activity around street lights and, in
one study, averaged 127 minutes/night foraging around
lights (Hickey and Fenton 1990). The echolocation calls of
red bats foraging around street lights may be homed in on
by other red bats in search of prey (Hickey and Fenton
1990). Although more than one red bat was seen
occasionally foraging around street lights, we never
observed two radiotagged bats using street lights at the
same time despite substantial overlap in the foraging areas
of red bats monitored simultaneously (fig. 1). The red bats
monitored in the Cumberland Plateau physiographic region
of eastern Kentucky did not exploit the prey densities
around street lights in rural areas to the extent
hypothesized by Furlonger and others (1987).

By recording azimuths every 2 to 3 minutes, the possibility
exists that our data are affected by autocorrelation (White
and Garrott 1990). Autocorrelation leads to a biased
underestimate of foraging area size (Hansteen and others
1997, White and Garrott 1990). Extending the length of
time between azimuths will correct for autocorrelation, but
will also lead to a reduction in sample size (Hansteen and
others 1997). Given the length of time that the transmitters
were likely to remain active (ca. 1 to 2 weeks), we felt that
sample size was a more important consideration in our
study. Further, our estimates of foraging area size of red
bats were larger than any reported in the literature (Hickey
and Fenton 1990, McCracken and others 1997); therefore,
it is unlikely that autocorrelation, if present, altered the
conclusions drawn from this study.

The maximum distance red bats foraged away from their
roosting sites was slightly greater for bats in the
fragmented landscape of the NCP than for bats inhabiting
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the contiguous forests of the SCP. These distances
increased in late summer, likely coinciding with the breakup
of family units as suggested by Constantine (1966). Kunz
(1982) proposed that roost lability, especially among tree-
roosting species of bats, results in decreased commuting
costs to foraging areas; however, the distances that red
bats were recorded traveling from roosting sites to feed
were comparable in length to those recorded for cliff-
roosting bats, i.e., Corynorhinus species, on the
Cumberland Plateau of eastern Kentucky (Adam and
others 1994, Hurst 1997). Based on Kunz (1982), we
anticipated shorter commuting distances for red bats than
were observed for cliff-roosting species, because of a
higher availability of potential roosting sites for red bats.
Because red bats traveled long distances to feed and often
used large foraging areas, roost lability probably was not a
factor influencing commuting cost or foraging area size in
the red bats that we radiotracked. Instead, we propose that
commuting cost and foraging area size in red bats were a
function of the seasonal cycle and the reproductive status
of individual bats. The location of foraging areas ultimately
may be determined by the presence of preferred diurnal
roosting sites.

Because all bats in which > 40 locational crosses were
obtained met the 5 percent load-carrying rule for
transmitter mass (Aldridge and Brigham 1988), we believe
that these data accurately depict the foraging behavior of
red bats. All radiotagged red bats exhibited normal foraging
patterns within 20 minutes after release, with the exception
of two juvenile males in July 1996. We found adult males to
be much more difficult to track than adult females, with
increased movements for bats radiotagged after 24 July in
both years. Saugey and others [In Press] reported similar
problems in radiotracking male red bats back to roosting
sites in Arkansas, referring to the roosting pattern of males
as “vagabond.”

CONCLUSIONS

Although there is considerable plasticity in the selection
and use of foraging habitat by red bats, the extensive use
of forests by this species suggests that large blocks of
contiguous forest provide suitable habitat. Shorter
commuting distances for red bats in the less fragmented
SCP and the complete absence of radiotagged bats in the
heavily disturbed habitat (i.e., surface-mined lands) nearby,
indicate that some deforested areas and habitat fragments
may provide less than optimal habitat conditions for this
species. Studies comparing the survivorship and fecundity
of red bats inhabiting forested and fragmented landscapes,
including agricultural and surface-mined lands, are
warranted.
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WHITE-TAILED DEER IMPACT ON FOREST REGENERATION:
MODELING LANDSCAPE-LEVEL DEER ACTIVITY PATTERNS

Linda S. Gribko, Michael E. Hohn, and William M. Ford ?

Abstract— White-tailed deer (Odocoileus virginianus) herbivory has been identified as a major impediment to the survival
and growth of forest regeneration in the northeastern United States. As a supplement to direct control of deer densities
through hunting, it may be possible for land managers to manipulate habitat and browsing pressure through carefully
planned timber harvest. We are developing methods to relate deer habitat use patterns to regeneration condition and
complexity across large landscapes. The preliminary research presented here involved development of methodology to
efficiently and effectively model deer habitat use patterns across forested landscapes using fecal pellet groups as an activity

index.

Work was conducted in summer 1997 on the 3,078-hectare West Virginia University Forest (WVUF) in north-central West
Virginia and the 3,413-hectare Westvaco Wildlife and Ecosystem Research Forest (WERF) in the south-central portion of
the state. Fecal pellet group counts were conducted on geolocated 1.72-meter radius circular plots at an intensity of
approximately 1 plot per 2.4 hectares. We used variography to investigate spatial dependence in the data. Deposition
patterns were modeled using geographic information systems (GIS) technology and a spatial statistics technique known as
2-dimensional ordinary point kriging. Variography revealed spatial contagion in the WVUF data that could be accurately
modeled using this methodology. The resulting interpolated probability map is of high potential value in the long-term
monitoring of deer activity patterns across this forested landscape. Results on the WERF indicated that sampling intensity
was too coarse to allow modeling of strong localized dependence in the data.

INTRODUCTION

Excessive white-tailed deer (Odocoileus virginianus)
herbivory, or browsing, has been identified as a major
impediment to the survival and growth of tree seedlings and
herbaceous plants in the northeastern United States (Shafer
and others 1961, Tierson and others 1966, Jordan 1967,
Alverson and others 1988, Tilghman 1989, Trumbull and
others 1989). Browsing can affect forest regeneration by
reducing seedling numbers, reducing seedling height,
altering species composition, delaying stand establishment,
or causing complete regeneration failure (Redding 1987). Of
particular concern to forest managers are conversions of
woody understories to ferns and grasses (Marquis 1974,
Horsely and Marquis 1983) and the elimination of highly
valued commercial tree species such as northern red oak
(Quercus rubra) from the pool of large advance regeneration
under mature forest canopies (Marquis and others 1976).
Severely impacted forest ecosystems are devoid of most
understory plants that are palatable to deer and may exhibit
an overall reduction in animal diversity (deCalesta 1994).

Deer herbivory research conducted to date suggests that
deer population densities in many forested landscapes
should be reduced (Behrend and others 1970, Marquis
1981, Storm and others 1989, Bowersox and others 1993,
McCormick 1993). However, the public demand for deer
hunting opportunity often outweighs concerns about
browsing impacts; state wildlife agencies are consequently
reluctant to lower deer densities to suggested levels
(Sheffer 1987).

Rather than attempting to control deer densities directly
through harvest, it may be possible to manage forested
landscapes to reduce browsing pressure and regeneration
damage. The manipulation of the spatial distribution of
clearcuts has been suggested as one means of
accomplishing this objective (Ford and others 1994). Deer
extensively forage in recent clearcuts during spring and
summer months when succulent leaves and new growth
are available (Wentworth and others 1990, Ford and others
1993). In the central and southern Appalachians, the
availability of clearcuts has been found to increase carrying
capacity of the surrounding forest and reduce browsing
pressure on forested understories during the summer
months (Johnson and others 1995). Improvement of forage
conditions through timber harvest has been suggested as a
means of reducing relative deer densities (deCalesta and
Stout 1997). Careful planning of the intensity, timing, and
location of timber harvest areas may allow managers to
draw deer away from forested understories while
maintaining the population at a sufficient density to provide
adequate hunting opportunity.

Currently, a lack of deer herbivory research conducted at
the landscape level constrains the development of forest
management recommendations. Most studies have
considered localized, or stand-level, effects of deer
browsing. Investigators have considered the impacts of deer
in contiguous closed-canopy forests (Marquis 1981), in
small isolated woodlots (Storm and others 1989, Bowersox
and others 1993), in recently clearcut areas (Marquis and

1 Assistant Professor of Forest Management, West Virginia University, P.O. Box 6125, Morgantown, WV 26506-6125; Wildlife Biologist,
Westvaco Corporation, Box 577, Rupert, WV 25984; and Research Geologist, West Virginia Geological and Economic Survey, Morgantown, WV

26507, respectively.

Citation for proceedings: Stringer, Jeffrey W.; Loftis, David L., eds. 1999. Proceedings, 12th central hardwood forest conference; 1999 February
28-March 1-2; Lexington, KY. Gen. Tech. Rep. SRS-24. Asheville, NC: U.S. Department of Agriculture, Forest Service, Southern Research

Station. 293 p. [Peer-reviewed paper].

178



Grisez 1978), or after specific stand treatments such as
thinnings (McCormick 1993). Typically, such research has
involved comparisons of areas with varying densities of
deer or the use of fencing and barriers to manipulate deer
impacts. Work at larger spatial scales (200 to 400-hectare
blocks) has been recently initiated in Pennsylvania (Stout
and others 1995). However, the more fragmented severely
browsed forests of Pennsylvania may not be comparable to
the more continuous less intensively browsed forests found
elsewhere in the Appalachian region.

In 1997, we initiated a study designed to relate deer habitat
use patterns to woody regeneration condition and
complexity across landscapes dominated by relatively
continuous closed-canopy second-growth hardwood forest.
This paper reports the results of the first phase of study in
which we developed a method of quantifying landscape-
level deer habitat use patterns using fecal pellet group
counts as an activity index. Generally, pellet groups are
counted on either rectangular belt transects (Bennett and
others 1940, Robinette and others 1958, Fuller 1991) or
circular plots of various dimensions (Eberhardt and Van
Etten 1956, Robinette and others 1958, Van Etten and
Bennett 1965). Counts of fecal pellet groups are widely
used to census deer populations and to determine habitat
use (Neff 1968). Average counts within management units
or habitat types are compared as relative indices of deer
abundance or are used with defecation rate to estimate
population densities. Bennett and others (1940) found that
deer defecate close to feeding areas, indicating that high
densities of fecal pellets may be associated with high levels
of herbivory.

Traditionally, spatial patterns of pellet group deposition are
not considered. However, if the spatial dependency among
fecal pellet counts made at a large number of discreet
points throughout a forested landscape is strong enough to
be modeled, the relationship could be used to estimate
pellet count densities at unsampled locations. A map, or
data layer, of predetermined spatial resolution would result.
The field of geology offers techniques, termed geostatistics,
that can be used to quantify the inherent spatial
dependencies in data and use them to create interpolated
data coverages. Although developed to model petroleum
and mineral reserves, geostatistics have also been used in
the modeling of ecological data (Robertson 1987, Rossi and
others 1992, Pelletier and Parma 1994, Villard and Maurer
1996). One of these techniques, kriging, has been applied
outside of the geological sciences to model insect outbreaks
(Kemp and others 1989, Liebhold and others 1991, Hohn
and others 1993, Gribko and others 1995), forest biomass
and nutrient cycles (Pauly and others 1996), and old-growth
forest characteristics (Biondi and others 1994).

The purpose of this study was to determine if fecal pellet
group counts made at discreet points could be used to
model deer activity patterns across a forested landscape.
Specific objectives included: 1) quantifying the spatial
dependence inherent in deer fecal group deposition, and 2)
determining the suitability of geostatistical techniques,
specifically 2-dimensional ordinary point kriging, in mapping
white-tailed deer use of forested landscapes.

METHODS

Study Areas

The study was conducted on two sites: the 3,078-hectare
West Virginia University Forest (WVUF) in Monongalia and
Preston Counties, WV, and the 3,413-hectare Westvaco
Wildlife and Ecosystem Research Forest (WERF) located
in Randolph County, WV. The WVUF is located on the
western-most anticline of the Allegheny Mountains.
Elevations range from 318 to 796 meters. The tract is
covered by closed-canopy 70-80 year old hardwood forest;
no more than 200 hectares have been impacted by timber
harvest or major canopy disturbance in the past 20 years.
Four forest types as classified by SAF (Eyre 1980) have
been identified on the WVUF: yellow-poplar (Liriodendron
tulipifera)—white oak (Quercus alba)—northern red oak,
white oak—black oak (Quercus velutina)—northern red
oak, chestnut oak (Quercus prinus), and yellow-poplar. The
two types containing yellow-poplar components are found
in protected coves, on north and east aspects, and at
shaded mid-slope positions. The oak-dominated types are
found on the drier, less protected sites; the chestnut oak
type is constrained primarily to ridgetops and upper slope
positions.

Elevations on the WERF range from 699 to 1176 meters.
The topography is dominated by a series of ridges oriented
northeast to southwest. Ninety-seven percent of the
forested area is comprised of 60 to 70-year-old stands of
mature hardwoods. However, the majority of the mature
stands have been partially harvested at least once in the
past decade and canopy cover is not continuous. The
WEREF includes 3 forest types in addition to 140 hectares
of open or non-forested land. Ninety percent of the forest
cover is classified as the sugar maple (Acer saccharum)-
beech (Fagus grandifolia)-yellow birch (Betula
allegheniensis) SAF type; associated species include white
ash (Fraxinus americana), American basswood (Tilia
americana), black cherry (Prunus serrotina), yellow-poplar,
and northern red oak. The yellow-poplar—white oak—
northern red oak type is found on 195 hectares of
protected coves. The remaining 21 hectares are classified
as the white oak SAF type; associated species include
chestnut oak, scarlet oak (Quercus coccinea), black oak,
and hickory (Carya spp.).

Field Methods

Data was collected in summer 1997. Sample points were
established in an approximately square-grid pattern at an
intensity of approximately 1 per 2.4 hectares; points were
approximately 240 meters apart. A total of 1,400 points
were located on the WVUF; 1,445 points were located on
the WERF. The points were georeferenced using a hand-
held GPS unit and fixed base station which allowed
differential correction of the satellite locations. Each point
was the center of a 1.72-meter (9.29 square meters) radius
circular plot on which fecal pellet surveys were conducted
(Robinette and others 1958, Van Etten and Bennett 1965).
Pellet groups on each of the plots were counted once from
June to July on the WVUF and from August to September
on the WERF. All pellets were destroyed by crushing. The
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counts provided baseline data and were not assumed to
represent deer activity during any specific season.

Data Analysis

Topographic variables —It was first necessary to examine
the relationships between pellet group densities and
possibly confounding variables related to topography.
Digital elevation models (DEMs) were available for both
experimental forests. The model for the WERF was
developed by Westvaco personnel at a resolution of slightly
over 15 meters. The 30-meter resolution USGS DEM was
used to describe the topography of the WVUF. We
calculated percent slope and aspect in degrees azimuth
using the elevation data and the raster-based geographic
information system (GIS), IDRISI (Eastman 1997). We then
standardized the aspect data by subtracting 180 degrees
and taking the absolute value of the difference; effectively
lumping the data collected on approximately eastern and
western aspects (intermediate site quality) while
segregating data collected on approximately northern
(highest site quality) and southern (lowest site quality)
aspects. For each experimental forest, pellet group data
were plotted against elevation, slope, and aspect and
relationships were examined.

Variography —Spatial dependence on each experimental
forest was quantified with the variogram, a graph that
illustrates the relationship between the distance separating
pairs of data points (h) and half the average squared
deviation of a regionalized variable (y(h)). In this case, the
variogram statistic at each given distance h represents half
the average squared difference between paired fecal pellet
group counts separated by that particular distance (Hohn
1988, Isaaks and Srivastava 1989, Liebhold and others
1991, Rossi and others 1992). The variogram statistic is
defined as

y(h) = %X[z(xk )= 2(x, + W

where n, is the number of pairs of cells separated by a
distance of h (expressed in meters in this study), z(x,) is
the observed pellet group count at location x,, and z(x, + h)
is the observed count at a location h meters from x,. In the
absence of spatial dependence, the variogram is constant
with distance h. In the presence of strong spatial
dependence, the difference between z(x,) and z(x, + h) is
relatively small when h is small and increases with
separation distance. At some distance, the difference
between counts fails to increase further and the variogram
levels off. This distance is referred to as the range of the
variogram. The value of y(h) at the range is called the sill.
In general, one would expect the variogram to originate at
the origin; however, variograms manifest a non-zero y-
intercept when some component of the variability is non-
spatial or on a smaller scale than sample spacing.

For each experimental forest, VARIOWIN version 2.2
(Pannatier 1996) was used to calculate the variogram
statistic in 120-meter lags with a 60-meter tolerance to a
maximum separation distance of 1200 meters. The first lag
included pairs having a separation distance smaller than
the tolerance; in other words, all pairs separated by less
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than 60 meters. The few pairs in this lag were retained
rather than disregarded. The relationship between pairs
separated by more than 1200 meters was not considered.
Surface plots of the variogram statistics calculated in the
east-west direction versus those calculated in the north-
south direction were examined for indications of
directionality in the data (Figure 1-2). In the presence of
strong directional trends, several individual models are
required to accurately describe the spatial dependence in
the data. In its absence, a single omnidirectional model is
sufficient. In neither data set was there discernible
directionality.

Omnidirectional variograms for each forest were plotted
using VARIOWIN and models were fit iteritively by eye
(Hohn 1988). Single and nested linear, exponential,
gaussian, and spherical model forms were tested for

Figure 1—Variogram surface for the West Virginia
University Forest (WVUF).
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Figure 2—Variogram surface for the Westvaco Wildlife and
Ecosystem Research Forest (WERF).



general fit to the shape of the variograms and the models
were fine-tuned by alternately adjusting the sill and the
range. Special care was taken to fit the first few lags
accurately, so the final models may or may not have
exhibited the best overall goodness of fit. In both cases,
the origin was forced through zero.

Kriging —Results of the variogram analysis were used to
calculate weights employed in the 2-dimensional ordinary
point kriging of the pellet count data. Kriged estimates are
weighted averages of values at nearby locations

n
.
=2y
j=0

where z*is the interpolated value being estimated, z = [z,
Z, Z, . . ., 2] is the vector of values at nearby locations
and w = [w,, w,, w,, . .., w,] is the vector of corresponding
weights to be used in averaging the values. Because the
kriging procedure minimizes the variance of the errors, the
weight matrix can be estimated as

w=C?leD

where C is the (n+1) by (n+1) covariance matrix and all the
z values from nearby samples and D is the n+1 vector of
covariances of z values between the point being estimated
and the nearby samples. The covariances can be
computed directly from the variogram as

cov(h) = c- A(h)
where c is the variogram sill.

GSLIB version 2.0 was used to krige the data (Deutsch
and Journel 1998). Kriged estimates were made at a 30-
meter resolution and were based on at last 2, but no more
than 36, values collected within 500 meters of each
unsampled location. Estimates made near the boundaries
of the experimental forests were based necessarily on
fewer samples than those made in the interior.

RESULTS

There were no strong identifiable relationships between the
topographic variables and pellet group counts on either of
the experimental forests. Aspect may have some effect on
the WERF as evidenced by somewhat depressed, but
statistically insignificant, pellet group counts on the more
southerly aspects. It appears that elevation possibly may
be related to counts on the WVUF; however, high pellet
group densities at elevations over 600 meters were
clustered on a portion of the forest that was heavily
impacted by overstory mortality in 1990-91. Higher counts
in these areas were likely related to browse availability
rather than elevation. Linear regressions through these
data were all essentially horizontal with R? values less than
0.01. No attempt was made to transform the data.

Variogram surface plots revealed no directional
dependence in the WVUF data (Figure 1). Weakly elevated
dependence was suggested among pellet plots oriented in
a northeast to southwest direction on the WERF (Figure 2).
However, the trend was not strong enough to necessitate

calculation of directional variograms. The majority of the
cells in the variogram surface had values of approximately
0.72 - 0.96; had the values been appreciably lower in the
northeast-southwest direction (perhaps in the range of 0.24
— 0.48), a pair of directional variograms may have
improved our ability to model the data.

Omnidirectional variograms and the final fitted models for
both forests are shown in Figures 3-4. The variogram
calculated for the WVUF data was fit with the nested
exponential model:

34| 34|

y(h) =0.015{1-¢ % |+0.415/1—-¢ 3"

The omnidirectional variogram for the WERF was fit with
the nested model:

=

3
_ M_ M _ 48548 | &
y(h)=0.75/1.52~-0.5 +0.20[1-e if Il < 92,
92 92
else,

3L
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The first structure in this model is spherical; the second is
exponential.

Maps of the kriged estimates are displayed in Figures 5-6.
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Figure 3—Variogram and fitted model for the WVUF.
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Figure 4—Variogram and fitted model for the WERF.
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Figure 5—Kriged estimate map for the WVUF. Cells are 15 by 15 meters.

DISCUSSION

Absence of both strong directional trends and strong
associations with topographic variables simplifies the
modeling process and suggests that differences in pellet
group densities are likely related to differences in habitat
quality. On both study sites, a single omnidirectional model
can be used to describe spatial contagion in the data. In
addition, there is no apparent need to incorporate
additional independent variables through the use of more
complex geostatistical techniques such as cokriging or
kriging with external drift (Goovaerts 1997, Deutsh and
Journel 1998). This will allow us to monitor the response of
deer populations to timber management activities across
the study sites without the added complication of
confounding variables.

Because the exact location and orientation of the sample
plots were not critical in this initial exploratory study, we
used temporary locations with the distance between plots
paced, rather than measured. This facilitated more rapid
data collection but also resulted in less uniformity in the
sample design; some plots were installed in closer
proximity to adjacent plots than was actually planned.
These data could have been omitted; however, we chose
to retain them because they provide important information
about spatial dependencies in the data at smaller
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separation distances. The WVUF data included 132 pairs
of plots that were separated by an average distance of
42.31 meters and 5,832 pairs separated by an average
distance of 142.76 meters. Numbers of additional pairs
ranged from 9,928 at a separation distance of 244.40
meters to 37,576 at the maximum separation distance of
1,200.19 meters. The WERF data included 78 pairs
separated by an average distance of 40.25 meters and
5,426 separated by an average distance of 144.03 meters.
Numbers of pairs ranged from 9,946 at 244.76 meters to
39,144 at approximately 1,200 meters.

The variogram models for both forests included two nested
structures; indicating that on both sites there existed local
and regional trends in the data. Both structures used in the
construction of the WVUF variogram model were of
exponential form. The first had a range of 156 meters and
sill of 0.015, whereas the second had a range of 231
meters and sill of 0.415. The model used to describe the
variogram of the WERF data was more complex. The first
structure had a spherical form that described the steep
increase in variability between separation distances of less
than approximately 100 meters. The second structure, of
exponential form, had a range of 485.48 and sill of 0.20. It
is important to note that the fit of this model is heavily
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Figure 6—Kriged estimate map for the WERF. Cells are
15 by 15 meters.

influenced by the 78 pairs at very close separation
distances.

Overall, pellet group counts made on the WERF were more
spatially variable than those made on the WVUF. The
combined sill of 0.95 for the WERF data was more than
double the 0.43 sill for the WVUF data. This was expected
given the differences in the sites. The WVUF is relatively
uniform and continuous with harvest units clustered along a
rudimentary road system. The majority of the site has not
been actively managed for 80 years and little of the total
area is in early successional stages. In addition, the forest
is heavily hunted and deer populations are not excessive
(no quantitative estimate of deer densities are available at
this time). In contrast, the WERF has been heavily
impacted by both partial timber harvest and dispersed
regeneration harvests. The habitat is more variable and
more of the total area is covered by young forest. The area
is also heavily bisected by a well-developed road system;
however, the WERF is gated and hunting is prohibited.
Deer populations are consequently much higher on the
WERF; the excessive browsing of woody understory
vegetation and paucity of herbaceous vegetation indicate
that the site is saturated with deer.

The relative lack of sample data at small separation
distances combined with the strong localized trend in the
WERF data appears in the kriged estimate map as an “egg
crate” effect; the overwhelming influence of the most
proximal samples caused localized depressions and peaks
in the kriged estimates. This problem apparently could be
rectified through more intensive sampling. Based on the
results of the variography, sampling intensity may have to
be more than doubled.

In contrast, the kriged estimates for the WVUF reveal
clearly defined areas of heightened deer activity. Less
overall variability, a weaker local trend, and a stronger
regional trend enabled us to produce an apparently useful
predictive map of baseline deer activity patterns. In
general, the peaks in estimated pellet counts correspond
quite well with known canopy disturbances. For example,
peak deer activity occurred in the northeastern lobe of the
forest, which was impacted by high overstory mortality in
1990-91 followed by timber salvage operations. The spike
of activity at the tip of the northwestern lobe corresponds
with a gas pipeline right-of-way. Peaks in the southeastern
corner correspond with recent timber harvest operations.

CONCLUSIONS

In general, pellet group data appears to contain enough
spatial contagion to allow the production of estimate maps
using 2-dimensional ordinary point kriging. Although the
estimates have not yet been validated, it appears that
spikes in pellet group densities on the WVUF correspond to
overstory disturbances and resultant increased availability
of woody browse. The results on the WERF were less
conclusive and generally indicate that the technique may
be less useful in areas of extremely high deer population
and variable habitat. However, based on the presence of
localized spatial dependence in the small number of
samples collected at less than 240 meters, it appears that
a follow-up study at higher sampling intensity is warranted
before concluding that the technique cannot be used on the
WERF or similarly impacted sites.
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DEVELOPMENT OF OAK REGENERATION NINE YEARS AFTER SHELTERWOOD CUTTING
AND CLEARCUTTING ON THE COASTAL PLAIN OF WEST TENNESSEE

Wayne K. Clatterbuck, Philip Blakley and Paul Yielding *

Abstract— Quantity, size and species composition of hardwood reproduction were compared in oak-hickory (Quercus spp.-
Carya spp.) stands following clearcutting and two intensities of shelterwood cutting (leaving 40 and 60 ft? of basal area) on
Chickasaw State Forest in the Coastal Plain of west Tennessee. Measurements were taken prior to the timber harvest and
at 3-year intervals for 9 years after the harvest. The clearcut treatment had the greatest number of oaks per acre, while the
shelterwood treatments had a greater proportion of oaks compared to total stems. After 9 years, the total number of stems
in each treatment decreased while the percentage of oaks greater than 1-foot tall increased. The development of oak
regeneration and the resulting stand dynamics are discussed based on these 9-year regeneration data.

INTRODUCTION

Concerns about the aesthetics of clearcuts have caused a
renewed interest in the shelterwood method of
regeneration within the even-aged silvicultural system for
regenerating oaks. Several authors have prescribed
guidelines for regenerating oaks using the shelterwood
method (Hannah 1987, Loftis 1983, Loftis 1990, Sander
1979, Sander and Graney 1993). However, Smith (1981)
states that “many shelterwood recommendations contain
the statement that details are uncertain and more research
is needed.” The complexity and variability of natural
hardwood stands with their multitude of species, differential
growth rates, varying site productivities, different stand
structures and conditions, silvical characteristics, past
disturbances, and previous management regimes are not
amenable to a single prescription.

In theory, the shelterwood method should create the
microenvironment required by oaks for successful
establishment and nurturing early seedling growth. In
practice, a fine line exists on how much overstory to leave
in promoting oak regeneration. Heavy shelterwood cuts
favor the development of fast-growing intolerant species
such as yellow-poplar (Liriodendron tulipifera L.) rather
than oaks. Lighter cuts may encourage more tolerant, less
desirable species such as maples (Acer spp.), beech
(Fagus grandifolia Ehrh.), and elms (Ulmus spp.) at the
expense of oaks (Clatterbuck and Meadows 1993, Hodges
1989).

This study provides a 9-year history of the development of
regeneration following three overstory treatments:
clearcutting and two intensities of shelterwood cuts leaving
40 and 60 ft? of residual basal area. The objective of the
research is to compare the regeneration dynamics between
treatments in size, number and species composition.
Although this is an unreplicated case study, it provides
information about the oak regeneration process.

STUDY AREA

The study was conducted on a 46-acre upland hardwood
stand at Chickasaw State Forest (CSF) in Hardeman
County, TN, located approximately 20 miles south of
Jackson in southwestern Tennessee and managed by the
Tennessee Department of Agriculture, Division of Forestry.
Soils are Typic Hapludults (Smithdale series), formed in
loamy Coastal Plain deposits, severely eroded and
moderately drained (Ditzler and others 1994). The study
area is on a convex, moderately steep (8 to 20 percent),
strongly dissected slope. Annual precipitation averages 50
inches, usually evenly distributed in all seasons. Average
site index (base age 50) for upland oaks ranges from 75 to
80 feet (Schnur 1937).

The CSF was part of the federal Resettlement Administration
purchase of land during the 1930’s. The area occupied by
this study was formerly a portion of two farms. Old fences
indicate that all or part of the area was grazed, cultivated,
or both. Fire scars on many of the trees attest to burning
before state acquisition.

Ages of the dominant and co-dominant trees range from 60
to 90 years. The predominant species are oaks: white (Q.
alba L.), northern red (Q. rubra L.), scarlet (Q. coccinea
Muenchh.), black (Q. velutina Lam.), and southern red (Q.
falcata Michx.). Other species include hickories, sweetgum
(Liquidambar styraciflua L.), yellow-poplar, American
beech, dogwood (Cornus florida L.) and blackgum (Nyssa
sylvatica Marsh.).

METHODS

The 46-acre stand was divided into four subunits of
approximately equal size, each of which represented the
stand as a whole with regard to site quality, aspect, position
on slope, and slope gradient. Four treatments were imposed,
one for each subunit: clearcut and three shelterwood cuts
leaving 40, 50 and 60 ft? of residual basal area respectively
in dominant and codominant trees of desirable species.

1 Assistant Professor of Forest Management and Hardwood Silviculture, The University of Tennessee, Agricultural Extension Service,
Department of Forestry, Wildlife & Fisheries, P.O. Box 1071, Knoxville, TN 37901-1071; Forester, Tennessee Department of Agriculture, Division
of Forestry, P.O. Box 458 Lexington, TN 38351; and Forester, Averitt Lumber Company, P.O. Box 2217, Clarksville, TN 37043, respectively.
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28-March 1-2; Lexington, KY. Gen. Tech. Rep. SRS-24. Asheville, NC: U.S. Department of Agriculture, Forest Service, Southern Research
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Table 1—Treatment size, number of plots, initial stocking and summary of
timber harvest volumes in 1982 at Chickasaw State Forest, Tennessee

Average
Initial total volume Volume/acre
Treatment  Area Plots  stocking cut cut
Acres # Ft?/acre Board feet? Bd.ft./acre
Clearcut 10 23 75 110,700 11,070
40-ft? BA 12 23 85 34,780 2,900
60-ft> BA 12 26 80 15,200 1,270

#International ¥ inch log rule.

Before the actual timber harvest in 1982, 97 permanent,
0.1-acre plots were established over the entire 46 acres
(Table 1). Plots were spaced 2.2 chains apart on parallel
lines 2.2 chains apart. All stems 1.5 inches dbh and larger
were recorded by species, diameter, and merchantable
height (height to base of crown). Cut and leave trees were
tallied for each plot. Regeneration was measured on a 0.02
acre circular plot at the plot center of the 0.1 acre plot.
Height of all woody stems 1 foot and taller to 1.5 inches
dbh were counted by species. All woody stems less than 1
foot were also recorded by species.

For the clearcut, all trees greater than 12 inches in
diameter at breast height (dbh; 4.5 feet) were commercially
harvested. The remaining stems over 1.5 inches dbh were
cut and left on the site. Leave trees for the shelterwood cut
were selected on the basis of species, form, vigor, and
crown position class. Oaks were favored as leave trees,
particularly white, northern red, southern red, and black
oaks. Hickories were also favored, but were secondary to
the oaks. Species such as yellow-poplar, sweetgum,
American beech, and blackgum were not favored.
However, trees of these species were left when necessary
to maintain the required residual basal area. Midstory and
understory stems in the shelterwood treatments were not
intentionally cut, but may have been disturbed during the
removal of overstory trees during the commercial harvest.
Volumes harvested for each treatment area are presented
in Table 1.

Regeneration data were collected in 1982 before the
harvest and at 3-year intervals: 1985, 1988 and 1991. The
data for the shelterwood cut with 50 ft? of residual basal
area are not presented in this paper.

RESULTS

Total Stems per Acre

The clearcut unit had the greatest number of stems per
acre, both less than and greater than 1-foot tall, at the time
of the harvest (Table 2). Nine years later, the clearcut
treatment with more than 4,700 stems/acre, increased by
three times the stems over 1-foot tall, while the amount of
reproduction less than 1 foot in height decreased.
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Table 2—Reproduction present in three treatment areas
before and 9 years after harvest, Chickasaw State Forest,
Tennessee

1982 1991
Treatment <1ft. >1 ft. <1ft. >1 ft
---------------- Stems/acre ----------------
Clearcut 4,845 1,537 2,974 4,783
40-ft> BA 3,193 964 5,068 2,011
60-ft> BA 3,216 986 3,408 657

Both shelterwood treatments had fewer stems than the
clearcut treatment in 1982. The number of stems less than 1
foot in height increased for the 40 ft? of residual basal area
(BA) treatment and remained essentially the same for the
60-ft? BA treatment. The total number of stems greater than
1-foot tall was approximately 2,000 stems/acre, doubling in
the 9 years following the harvest in the 40-ft? BA treatment,
but decreased from 986 to 657 for the 60-ft? BA treatment.

The total number of stems per acre greater than one foot in
height increased dramatically between the initial
measurement in 1982 to the next measurement in 1985 for
all three treatments (Figure 1). The amount of reproduction
decreased progressively in the clearcut and the 60-ft? BA
shelterwood treatments during the next two measurement
periods in 1988 and 1991. The 40-ft? BA treatment
continued to increase to a measured high point in 1988,
then decreased.

Species Composition

For all three treatments, the other species category,
primarily of shade-tolerant species such as red maple (A.
rubrum L.), sourwood (Oxydendrum arboreum (L.) DC.),
blackgum, dogwood, serviceberry (Amelanchier arborea
(Michx.f.) Fern.), sassafras (Sassafras albidum (Nutt.)
Nees), hophornbeam (Ostrya virginiana (Mill.) K. Koch), and
the intolerant black cherry (Prunus serot<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>